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ABSTRACT 


Natural convection erate cooling of simulated 
electronic components was investigated. A single column of 
eight protruding components was constructed using foil 
heaters mounted on the back of stainless steel rectangular 
blocks. These components were attached to a vertical 
plexiglas wall to simulate a column of 20 pin DIP's. A 
channel was formed by placing a smooth movable shrouding 
wall parallel to the test surface. The test surface and the 
shrouding wall were placed in a water immersion bath. Flow 
visualization was accomplished using a laser generated plane 


of light to illuminate suspended particles. Photographs 
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were taken of the flow at the test surface mid-plane for 
four different power settings at each of three different 
channel widths. A nondimensional temperature and a modified 
Grashof number for each heated protrusion at each input 
power setting and channel width were determined. Visual 
results indicate two distinct flow regions. Far away from 
the components, a natural convection boundary layer flow was 
observed. Near the components, the flow was modified by the 
protrusions. As the component heat input increased, more 
pronounced three dimensional effects were noticede 
Temperature measurements indicate that as the modified 


Grashof numbers increased, the nondimensional temperatures 


LV 


decreased for each component. Also, the difference in the 
nondimensional temperatures for various components decreased 


with increasing modified Grashof numbers. 


THESIS DISCLAIMER 


The reader is cautioned that computer programs developed 
in this research may not have been exercised for all cases 
of interest. While every effort has been made, within the 
time available, to ensure that the programs are free of 
computational and logic errors, they cannot be considered 
validated. Any application of these programs without 


additional verification is at the risk of the user. 
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I. INTRODUCTION 


A. STATEMENT OF PROBLEM 

From the first electronic digital computer, ENIAC 
(1946), which used vacuum tubes as its basic logic elements, 
to the present’ use of integrated circuits, rapid 
advancements in the miniaturization of electronic components 
is well documented [Refs. 1,2]. This "boom" in technology 
has brought us from the small scale integration (SSI) device 
to the ultra large scale integration (ULSI) device in just 
25 years [Ref. 3]. With the 1970 advent of the first one 
kilobit RAM semiconductor device, the number of memory cells 


contained on a Single device has grown to the familiar 64K 


and more recently the 256K and 512K devices. 

While the component density per chip has’ increased 
Significantly, the chip dimensions have been considerably 
miniaturized. For example, a typical 64K RAM chip is only 
14.2 square millimeters, approximately the size of a printed 
letter [Ref. 4]. The drive towards larger capacity and 
decreased size is expected to continue into the 1990's. 

This trend toward higher packing densities has in turn 
lead to a considerable increase in heat fluxes at both the 
chip and module levels. For reliable long term operation of 
the device, these large heat fluxes must be removed, while 


maintaining the components at acceptably low temperature 


levels. To get an idea of the magnitude of the decreased 
size to increased heat flux relationship let us consider a 
power dissipation of 10 watts on a 5x5 mm chip. This yields 
a heat flux of 5 x 10° w/m*, which is only 20 times less 
than that on the surface of the sun. As seen in Fig. 1, the 
sun's surface temperature is more than 6000°C while today's 
chips must be designed to operate at considerably lower 
temperatures, between 100°C to 125°C (Refs. 5,6,7]. A 
strong need to keep the devices at these low temperature 
levels exists, since for every 20°C decrease in chip 


temperature, the chi failure rates are cut in half (Ref. 5]. 


B. IMMERSION COOLING: ANALYTICAL AND EXPERIMENTAL STUDIES 

Immersion brings the liquid coolant into direct physical 
contact with the electronic package. It is therefore 
important that the coolant exhibit several crucial 
characteristics. It must be dielectric in nature so as not 
to adversely affect the circuits immersed in it. Also, it 
must be non-toxic as well as chemically inactive with the 
materials which compose the immersed portions of the 
electronic package. Because very high heat transfer rates 
are attainable with direct immersion C60 lang its 
application has been receiving much attention in recent 
years (Refs. 3,8-10]. 

Having decided on the use of immersion cooling, the 
designer still has the choice of natural convection, forced 


convection or phase change as the cooling mechanism. 


Because of its potentially high-dissipation capabilities, 
together with such added advantages as no noise and high 
reliability, natural convection is now generally recognized 
as an effective and viable means for proper thermal control 
of electronic packages [Ref. 11]. 

Two of the earliest studies in this area were conducted 
at Bell Telephone Laboratories by Baker [Refs. 12,13]. From 
his first study of free and forced convection cooling [Ref. 
12], Baker showed that liquid immersion is an effective 
means of cooling small heat sources. The free convection 
cooling by liquid was found to be more than three times as 
effective as free convection cooling by air for the same 
device. For forced convection, the improvement was greater 


for liquid than air by a factor of 10. 


—=——_ 
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In his second forced convection study using two 
different fluids [{Ref. 13], boundary layer analysis showed 
that the convective heat transfer coefficient would increase 
Significantly as the heat source size decreased. The 
convective heat transfer coefficient increased by a factor 
of 15 when the size was decreased from 2.00 to 0.01 square 
centimeters [Ref. 13]. A Similar increase was noted for 
free convection. 

More recently, Park and Bergles [{Ref. 14] experimentally 
studied natural convection from discrete flush mounted and 
protruding heaters of varying widths, in water and R-113. 


They documented the increase in heat transfer coefficient 


with decreasing width. Also, for protruding heaters, the 
heat transfer coefficients for the top heaters in an array 
were found to be higher than those for the bottom heaters. 
This trend was not observed for flush mounted heaters. As 
the distance between heaters increased, so did the heat 
transfer coefficients, the effect being greater in R-113 
than in water. 

Knock [Ref. 15] conducted a flow visualization study in 
a liquid filled rectangular enclosure with ae single 
protruding heater from one vertical wall. Using water as 
the coolant, he found the existence of a dual-cell flow 
configuration where the upper cell was buoyancy driven and 
the lower cell was shear driven. He also concluded that as 


the heater height increased, the Nusselt number decreased. 


—_ 
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Lin and Akins [Ref. 16] computed transient and steady- 
state natural convection heat transfer in a fluid-filled 
cubical enclosure. The flow was initiated by subjecting 
each of the six walls to a sudden change in temperature. 
They concluded that the size of the enclosure determined the 
circulation pattern. 

Chu, et al. [Ref. 17] studied the natural convection in 
a rectangular enclosure with a long horizontal heat source 
mounted on one vertical wall. A number of different heater 
sizes and locations, as well as enclosure sizes, were 
investigated. They concluded that as the heater was moved 


downward on the wall, both the Rayleigh number and the 


circulation rate increased. The heater size had little 
effect on circulation. A secondary flow cell was found to 
develop at the upper surface when the height of the 
enclosure was increased. 

Yang, et al. [Ref. 11] used a three-dimensional finite 
difference method to study the natural convection cooling of 
a chip array in a rectangular enclosure filled with a 
dielectric liquid. They found the temperatures on the chip 
surfaces to be oscillatory, with wave forms ranging from 
simple to complex. The maximum chip surface temperatures 
occurred on the top row of chips for large gap sizes, but 
oscillated among all rows for small gas sizes. 

It is clear from these studies that only a limited 
amount of information currently exists on natural convection 
BG Guids from discrete protruding heat sources. The small 
Size of the heat sources results in three-dimensional flow 
and temperature fields. The capability of numerically 
Simulating these complex flows has only recently been 
developed for laminar flows, as an example in Yang et al. 
[Ref. 11}. Detailed measurements of transport are needed to 
verify such computations. Also, flow visualization studies 
are needed to examine the various possible flow regimes and 


the laminar to turbulent transition in such flows. 


Co webd ECTAVES 
The objectives of this study were: 


1. to design and construct a liquid immersed vertical 
channel with discrete protruding heat sources. This 
geometry simulates a printed circuit board array with 
a number of heat dissipating electronic components. 
The heat sources were eight rectangular stainless 
steel protrusions, modeled geometrically after 20-pin 


Gual~in-line packages (DIP). These were attached to 
the vertical card, in the form of a single vertical 
column. 


2. to obtain the steady state natural convection flow 
pattern visualization within the interrupted channel, 
for a range of component power dissipation rates and 
plate spacings. The flow was visualized using a plane 
of light which illuminates suspended particles in the 
water. 

3. to measure component temperatures for various power 
inputs and card spacings and develop appropriate heat 
transfer correlations for this geometry. 

This study was also intended to be a basis for future 
heat. transfer experiments using various component array 
sizes and element spacings. The measurements will be used 
as a guide toward future experiments and computational 
efforts. 

All objectives were achieved. As well a proving the 


reproducibility of both the numerical data and flow 


visualization photographs. 


II. EXPERIMENT 


A. GENERAL DESIGN CONSIDERATIONS 

The channel assembly, seen in Fig. 2, consisted of a 
vertical test surface with eight rectangular stainless steel 
blocks protruding from it mounted in a vertical column. A 
parallel shrouding plate was placed in front of the test 
surface. This configuration was meant to simulate one 
column of 20-pin DIP's mounted on a printed circuit board, 
with the back of another printed circuit board directly in 
meent Of it. 

Each protrusion was heated by a foil heater mounted on 


the back (Fig. 3). The foil heater and the stainless steel 


block together act as a 20-pin DIP model and are hereafter 
referred to as a heater. A precision 2.01+1% resistor 
placed in series with each heater and its power supply, 
allowed the input power to be accurately determined. Five 
thermocouples, one on the center of each exposed face of the 
heater allowed for surface temperature measurements (Fig. 
4). An additional thermocouple was mounted in the center of 
each heater mounting slot to measure the heater temperature. 

The channel assembly was suspended in the center of a 
one cubic meter tank filled with purified water. Three 
thermocouples monitor the tank temperature at the top, 


middle and bottom. A computer-aided data acquisition system 


was used to measure temperatures throughout the study. A 
line drawing of.the entire system is seen in Fig. 3. 

Several criteria were established to be used as 
guidelines for design and construction. The following is a 
list of these criteria and their implications. 

1. Heater Block Dimensions 

As previously noted, each heater was to 
geometrically model a 20-pin DIP. Micrometer measurements 
of an actual 20-pin DIP were made and each heater block was 
Cuc from solid 304 stainless steel to these dimensions 
(Figs. 6, 7). Stainless steel was used to prevent chemical 
reaction with the water of the immersion bath, and because 
it has a thermal conductivity in the same range as an actual 


DiP. 


Pon Heating Element 


Each block was to be heated individually and must be 
able to withstand temperatures in excess of 100°C, the 
boiling point of water. There was also the necessity to be 
able to accurately determine the temperature at the heater's 
surface, as well as having an even heating of the block. 

During design, both an imbedded resistor and a 
cartridge type heater were concieneer but the inability to 
accurately determine the temperature at their centers forced 
their elimination. The resistance type foil heater, 


however, met or exceeded all the requirements set for the 


heating element and had the advantage of ease of 
installation. 
3. Heater Location 
The goal of this study was to model a single column 
of DIPs in a vertical channel. After examining several 
actual printed circuit cards, a configuration of eight 
protruding heaters in a single column was decided on. The 
heaters were spaced on one inch centers as found in many 
actual applications. 
4, Visualization Technique 
Visualization was accomplished with an eight milli- 
watt helium neon laser and a cylindrical lens (Fig. 8). The 
beam of light was split into a plane which illuminated 


particles suspended in the immersion bath water (Fig. 9). 
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The particles were Eriomee an inert pigment used in the 
manufacture of paints and adhesives. The particles have a 
Specific gravity of 0.93, which results in a large 
suspension time in water. 

This technique allowed for the visualization of a 
Single two-dimensional plane of the flow field. Other 
planes can be examined by minor realignment of the laser- 
lens assembly. The method also has the benefit of allowing 
the bath to remain electrically nonconductive. 

5. Thermocouple Design and Placement 
To accurately measure the temperature of each block 


face, individual thermocouples were employed. However, if 


the thermdcouple protrudes above the surface, it will affect 
the flow field. Therefore a groove was cut on each face to 
accommodate the thermocouple. If the thermocouples are 
placed significantly below the surface, they will not 
accurately reflect the surface temperature. To minimize 
this problem, 0.003 inch copper-constantan thermocouples 
were used, and they were placed in 0.02 inch radius grooves 
(CEaic. | 20)):< The larger groove allowed for the thickness of 
the bonding agent. The grooves were cut so that the bead of 
the thermocouple will be located at the center of each 
surface. 
6. Other Considerations 

The test surface was constructed of plexiglas to 
allow for easier milling of heater mounting slots. The back 
of the test surface was covered with foam rubber insulation 
to minimize conduction losses through the test surface. The 
outer surfaces of the immersion tank were also covered with 
foam rubber insulation to minimize heat transfer with the 
ambient air. Styrofoam blocks covered with teflon were 
floated on the surface of the bath to prevent contamination 


of water and minimize heat losses through the free surface. 


B. COMPONENTS 
1. Heater 

The heater assembly (Figs. 11, 12) consisted of a 

0.94 inches (23.88 mm) long, 0.31 inches (7.87 mm) wide and 


0.24 inches (6.10 mm) high 304 stainless steel block (Fig. 
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13). A resistance type foil heater was bonded to the back 
of each block using Omega Bond 101, a high thermal 
conductivity adhesive. The blocks have one groove cut into 
each side face with one end of the groove at the face 
center. A 0.04 inch diameter hole was drilled through the 
block from the front surface to allow for the passing of the 
thermocouple lead (Figs. 11, 12). 

The foil heater consisted of a network of Inconel 
600 conductor mounted on Kapton and is 1.37 inches (34.80 
mm) long, 0.30 inches (7.62 mm) wide, and 0.007 inches (0.18 
mm) thick (Fig. Aran. Notches and holes were cut in the 
Kapton which align with the grooves and hole in the block. 
They allowed the passage of thermocouple wires, and also 


aided in the proper alignment of the foil heaters during 


bonding with the block. During the bonding of the foil 
heaters to the block, weight was applied to ensure uniform 
thickness of the adhesive and to also prevent curling at the 
edges. The power leads were soldered onto the protruding 
tabs of the foil heaters after the bonding agent had cured 
(Fig. 15). | 

The thermocouples were bonded in the grooves by 
placing a small drop of Eastman 910 adhesive on the 
thermocouple bead. The thermocouple was then placed in the 
designated groove. Using a straight pin, pressure was 
applied by hand until the adhesive set. After allowing for 


three hours of cure time, the remainder of the groove was 
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filled with Omega Bond 101 and smoothed to the level of the 
block face with a straight edge. The Omega Bond 101 
experienced little shrinkage after curing. This procedure 
was repeated for each thermocouple. 
2. Test Surface and the Shrouding Wall 

Both the test surface and the shrouding wall were 
constructed of 1/2 inch (12.70 mm) thick plexiglas Cueeieaee 
a 12.0 inch (304.80 mm) square. Eight 0.015 inch (0.38 mm) 
deep, 1.41 inch (35.81 mm) long and 0.31 inch (7.87 mm) wide 
mounting slots were cut into the test surface on one inch 
(25.40 mm) vertical centers. This allowed the foil heaters 
to be mounted flush with the test surface while only the 
block protruded. Four 0.06 inch (1.524 mm) diameter holes 


were drilled through the test surface to conform to the 


grooves in each block. This allowed the thermocouple lead 
wires to pass through the test surface. One 0.12 inch 
(3.048 mm) diameter hole was drilled for the power leads to 
pass through (Fig. 16). 
3. Test Surface Back Containment 

Since all the wiring penetrated through the test 
surface, and the immersion bath was water, it was necessary 
to have a waterproof containment for the wiring. This was 
accomplished by fabricating a five sided box onto which the 
test surface was mounted (Fig. 17). The box was 12 inches 
(304.80 mm) square by 2.25 inches (57.150 mm) deep and was 


constructed of 0.50 inch (12.70 mm) plexiglas. A thi 
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groove was cut around the edges of the open face for a large 
O-ring gasket. The test surface was screwed over the open 
face with 20 stainless steel screws and compressed the 0O- 
ring to form a watertight seal. A 2 inch (50.80 mm) 
diameter plexiglas snorkel was mounted into the back of the 
containment box and extended to an elevation above the 
surface of the immersion bath. The wiring runs from the 
back of the test surface up through the snorkel. 
4. Test Surface Support 
Support for the test surface and shrouding wall was 
provided by an H style bracket which spanned the width of 
the tank (Fig. 18). The cross members between the span 
supports hold adjustable hangers to which the test surface 
and shrouding wall were attached, forming the vertical 
piennel. These adjustable hangers allow the width of the 
vertical channel to be varied. They also allow the vertical 
adjustment of both the test surface and the shrouding wall. 
5. Immersion Tank 
The immersion tank was constructed such that the 
interior dimensions render a one cubic meter volume. The 
walls of the tank were 0.75 inch (19.050 mm) glass set in an 
aluminum frame. The glass was sealed watertight with Dow 
Corning 732 RTV adhesive/sealant (RTV) (Fig. 19). 
6. Immersion Bath Filtration and Purification 
Tap water was used and to ensure its purity and a 


resistivity of at least 0.1 megohn-cm, a Barnstead cartridge 
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filtration/purification system was employed (Fig. 20). Tat 
consisted of four stages. The first stage contained a 
colloid/forganic purification cartridge, followed by a aaa 
capacity deionization cartridge. The third stage was a high 
purity deionization cartridge, while the final stage was a 
0.45 micron and larger filter cartridge. A suction was 
drawn from the bottom center of the tank with a small 
Magnetic pump. The water passed through the four stage 
filtration/purification system and was returned to the top 
of the tank. Proper filtration/purification took 
approximately 10 hours and one change of the colloid/organic 
and deionization cartridge was required. The filter 
cartridge did not require changing during a single filling 


of the tank. 


C. ASSEMBLY 

In addition to the thermocouples on the heater block 
assemblies, measurements of the mounting face temperature 
were made by placing a single thermocouple at the center of 
each mounting slot. These were bonded using Eastman 910 
adhesive. This was the first step in the test surface 
assembly process. 

Once the heater assemblies, described in Section B, were 
ready, they were mounted on the test surface. For each 
heater block assembly the thermocouple wires and power leads 
were passed through their respective holes in the test 


surface (Fig. 21). A layer of Eastman 910 adhesive was then 
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applied to the bottom of the slot. Next, the heater 
assembly was firmly pressed into the mounting slot. This 
procedure was repeated for each heater assembly (Fig. 22). 
Ten pounds of weight was distributed over all the 
protruding heaters and remains in place until the adhesive 
fully cured. Following the curing, the test surface was 
turned upside down and each lead was firmly cemented in this 
penetrating hole. The thermocouple and power leads were 
then asSigned locations and routed through the snorkel. 
Next, the test surface was secured in place over the opening 
in the back containment box. The screw heads were covered 
with RTV and smoothed with a straightedge to the level of 
the test surface. The seam between the containment and test 


surface was also sealed with RTV. 


a 


Omega Bond 100 was used to fill in above the foil 
heater tab and in the seam around each heater assembly. 
This provided a watertight seal around each heater assembly 
and the test surface and also ensured a smooth and flat test 
Seuetace (Fig: 23). Male plug-in connectors were then 
attached to each thermocouple lead wire and banana plug 


connectors to the power leads. 


D. INSTRUMENTATION 
1. Power to the Heaters 
Each heater was run in series with a precision 
resistor that was measured to have a 2.02 ohm resistance. 


All eight heaters were in parallel with a Hewlett Packard 
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model number 6200B, 0-10 volts, 0-10 amperes, power supply. 
Both the source voltage and the heater voltage were measured 
independently. The current to each heater was’ then 
calculated by subtracting the heater voltage from the source 
voltage and dividing by the resistance of the precision 
resistor. The power input to each heater was calculated by 
the product of the heater voltage and heater current. Both 
voltages were measured by a Hewlett Packard model 3852S data 
acquisition system containing a Hewlett Packard model 44701A 
integrating vollmeter, all controlled by a Hewlett Packard 
model 300 computer. 
2. Temperature Measurement 

The thermocouples described earlier in Sections A.5 
and C were referenced individually to an ice bath, as seen 
in Fig. 24. Each reference thermocouple was connected such 
that its constantan lead was connected to the constantan 
lead of the measurement thermocouple. The copper leads of 
each measurement and reference thermocouple were connected 
directly to a Hewlett Packard model 44705A relay multiplexer 
and inserted into the data acquisition system. The data 
acquisition system then measures the ice referenced voltage 
of each thermocouple. The voltages were converted directly 
into temperatures in the controlling computer program by 
using a fourth order polynomial, fit to the thermocouple 


manufacturer's calibration data fOr copper-constantan 
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thermocouples over a 10°C to 70°C range, with a maximum 


curve fit uncertainty of 0.00663°C RMS. 
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III. BAPERIMENTAL PROCEDUEE 


A. APPARATUS PREPARATION 

A stainless steel, propeller type, variable speed 
stirrer was used to stir the immersion bath. Stirring was 
performed to remove temperature stratification and to 
disperse the particles for flow visualization. While 
stirring, the floating styrofoam blocks were removed and the 
test surface and shrouding wall, mounted on the support 
bracket, were lowered into the immersion bath and positioned 
near the center of the tank. The styrofoam blocks were then 
replaced on the surface of the immersion bath. Stirramne 
continued for 5 to 10 minutes. 

_The laser was energized next. The cylindrical lens was 
placed in the beam path and rotated to obtain the plane of 
light of greatest intensity normal to the test surface. The 
laser was positioned to allow the plane of light to fall 
directly on the center of each heater. The light plane 
passed through both the front wall of the tank, through a 
0.125 inch by 12.0 inch slit, and the shrouding wall. eae 
slit was used to obtain a well-defined plane of light and 
also to prevent extraneous scatter light from entering the 
tank. A 35 mm camera and tripod were set up to visualize 
the flow through the right hand wall of the tank. Two, 2 
inch wide strips of thin cardboard were positioned to allow 


the camera to only photograph the space between the test 
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surface and shrouding wall. A data back on the camera 
allowed for easy sequencing of the photographs for later 
analysis. 

Crushed ice was placed into a stainless steel Dewar 
flask along with the ice reference thermocouples. A mercury 
thermometer inserted into the ice base ensured that the ice 
bath was at 0+0.059C. The data acquisition system and the 
computer was then turned on. The internal voltmeter in the 
data acquisition system requires a minimum one hour warm-up 
period. During this hour, no current was passed through the 
heaters. The tank was allowed to achieve quiescence. After 
one hour passed, a visual inspection of the illuminated 
particles in the tank was performed to ensure that the 


immersion bath was quiescent. 


The temperature acquisition program, contained in 
Appendix D, was loaded and the temperatures of all heater 
surfaces and the immersion bath was measured. When the 
results showed all surfaces to be within 0.10°C of each 
other, and the tank temperature stratification to be less 
than 0.10°C, the experiment was ready to begin. A chance 
exists that the tank may need to be restirred, and allowed 


to sit to quiescence for approximately one hour. 


Beet hol PROCEDURE 


1. Initial Instrument Settings 


Once the immersion bath was quiescent and the 


temperature of the heaters and the bath were within the 
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required values, a sampling of all thermocouple temperatures 
was performed and printed. This record was saved and 
labeled as the baseline for the run. The power calculation 
program, contained in Appendix D, was loaded, and the power 
supply was set to zero and energized. 

The power was increased incrementally and the output 
from the power calculation program was checked. This was 
performed repeatedly until the desired power setting was 
achieved. For this study, four power settings, 0.2, 0.5, 
1.0 and 2.0 watts, were used for each channel width. 

2. Instrument Readings 

Thermocouple temperature measurements were taken 

every 10 minutes until successive temperature measurements 


remained unchanged to within 0.10°C. At this point, it was 


assumed that steady state had been achieved. This process 
took between one and two hours, depending on the channel 
width and power setting. 

Once steady state was attained, the thermocouples 
were monitored once more and the temperatures and voltages 
recorded. Single thermocouples on various heater assemblies 
were also sampled over a period of several minutes to detect 
any temperature oscillations with time. 

The total voltage drop across the power supply and 
across each heater was measured. The power for each heater 
was then calculated and printed by the computer program. 


After all the data had been recorded, and with the power 
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supply and laser on, flow visualization photographs were 
taken. 
3. Photographic Technique 

A Nikon F3 series camera with a 50 mm f2.8 lens, a 
MF-18 data _ back, a MD-4 motor drive, and a MT=-2 
intervelometer was used for the photography. The film used 
was Kodak ASA400 Tri-X Pan black and white print film. The 
first picture taken was a blank and the data back was set to 
display the date. The laboratory lighting was turned off. 
Using a flashlight the camera was set to f2.8, and the focus 
adjusted. The intervelometer was set for the required 
exposure length. Four photographs of each channel width and 


power setting were taken as shown in Table 1. 


TABLE I 


PHOTOGRAPH EXPOSURE VARIATIONS 





Picture # f Exposure Time 
1 2.8 20 sec. 
2 260 30 sec. 
3 4.0 20 sec. 
“ 4.0 30 sec. 


4. Experiment Completion 
Once the photographs were taken, the laboratory 


lighting was turned on and the laser and power supply were 
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turned off. The propeller stirrer was started and the water 
immersion bath was mixed for 5 to 10 minutes. The immersion 
bath was now left to become quiescent again. After 
quiescence was achieved, the apparatus was ready to start 
another run with the same channel width at a different power 
level. 
5. Channel Width 
The channel widths, also called spacings, for this 
study were as follows; 
a. no shrouding wall 
b. 2. 9igminchesa(e ce ouioemmn) 
GC; O247  inehes (1.9013 5mm 
These spacings were measured from the test surface to the 
shrouding wall. Each heating element protrudes 0.22 inches 
(5.598 mm) into this spacing, in front of the test surface. 
The spacings were changed by hoisting the test surface and 
shrouding wall support bracket from the immersion bath and 
removing the installed spacer. The spacer corresponding to 
the next spacing desired was installed. The apparatus was 


then ready for a new set of tests. 


D. DATA ANALYSIS 

There is more than one vertical dimension involved in 
this study. Any one of these could be chosen as the 
characteristic length, L, for determining the nondimensional 
temperature, T, and the Modified Grashof number, Gr*. The 


0.31 inch (7.874 mm) vertical height of the heater assembly 
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was chosen since it characterizes the local region of the 
buoyant flow. The corresponding temperature scale was 
easily obtained by combining the convected energy from each 
component with the component height and fluid thermal 
conductivity. An alternative would be the local downstream 
distance from the channel bottom. However, the appropriate 
temperature scale for this choice was not clear. The 
properties of the water were evaluated at the ambient bath 
temperature, Tryr- These values, listed in Table II, were 
obtained by linearly interpolating a table of properties 
(Ref. 18]. 

In order to determine the net convected energy from each 
heater, the conduction losses, Qconp, were required to be 
determined for each power input and channel width. These 
were calculated from a resistance network consisting of the 
foam rubber insulation and the plexiglas. The net 


conduction loss is given by 








QconpD = ae ee = _HO INF (la) 
Ra + R, Ry + R, 
with 

7 AXao 

Koc A 
(1b) 
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where A is the area normal to the direction of heat flow, 
and Xpq and Xp the thicknesses of plexiglas and foam 


rubber. See Table III. 


TABLE III 


PHYSICAL CONSTANTS 





ITEM VALUE 

A 0.000188 m2 
AX pg 0.006731 m 
AXp 003275 1m 


The thermal conductivity for each material was determined 
from a table of properties in Reference 19, and listed in 


Tabte IV. 


TABLE IV 


THERMAL CONDUCTIVITY OF MATERIALS 


Material k_(w/m-92C) 
Plexiglas Gre 42a! 


rubber insulation 0.0389 


The temperature difference, AT, was assumed to be the 
difference between the heater, ashy, and the ambient 
temperature, Tyyr- The convective thermal resistance on the 


outside of the insulation was neglected here. This 


Pa 


calculation of OQconp, therefore, was a "worst case" 
estimate, using a one-dimensional model. Maximum estimated 
conduction losses in this study were only about 1.5% of the 
energy input. 

After calculating Qconp and knowing the energy into the 
system, Qn, a Simple energy balance was used to determine 


the energy convected into the fluid, Qconv: 


Qconv = QIn - 2cond (2a) 
where 

Qn = EH y, (2b) 
Pracloe 


Vip input voltage 
Vy = heater voltage 


R 2.02 ohms 


The nondimensional temperature was next obtained as: 


_ (Tayo ~ Tine) A *¢ 
- “CONV 


where Tayg is the average of the temperatures measured on 
the five exposed surfaces of the heater assembly and L is 


the characteristic length. 
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The Modified Grashof number is defined as: 


4 
9 BL Qcoonv 


————————— (4) 
A Kk. v 
A complete set of sample calculations is contained 


Appendix A. Uncertainty calculations in the evaluation 


the nondimensional parameters is presented in Appendix B. 
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IV. RESULTS 


A. FLOW VISUALIZATIONS 

Photographs of the natural convection flow in a plane 
passing through the geometric center of each component are 
presented in Figs. 25-27. Fig. 25 depicts flows with no 
shrouding wall in place. Figures 26 and 27 show flows with 
the shrouding wall 73.81 mm and 11.193 mm, respectively, in 
front of the test surface. Finally, Fig. 28 depicts one 
component power input without the shrouding wall in which 
the camera and laser positions were interchanged. 

Observations for all the no wall case (Fig. 25), show 
the presence of a dual flow structure. Near the protruding 
heaters, the flow resembles flow past an obstruction. It is 
Clearly visible that the flow follows the contour of the 
protrusions dipping nearer the test surface after passing 
over a block and rising before reaching the next block. 
Further away from the test surface a buoyant boundary layer 
structure is visible, as expected. 

At the lowest power input setting, 0.2 watts, distinct 
particle traces are visible throughout the flow, indicating 
a strong two-dimensional behavior near the center of the 
block. As the power input is increased, these traces get 
shorter. This indicates more pronounced out-of-plane motion 


and hence a stronger three-dimensional flow. 


28 


It is also quite evident that as the power input is 
increased, the entrainment velocities also increase but the 
thickness of the buoyant layer remains vertically unchanged. 
This may again be due to larger three-dimensional effects. 

It is of some interest to note that Fig. 25 shows no 
dead regions or vortices. Also, for these power levels, the 
particle traces indicate laminar flow. The effective origin 
for the outer boundary region flow iS approximately one and 
a half heater spacings upstream of the lowest heater at the 
lowest power setting. It moves further upstream with 
increasing input power. 

Observations with the shrouding wall 73.81 mm in front 
of the test surface (Fig. 26), are similar to the no wall 
case in many respects. However, the entrainment velocity is 
Pelier, therefore the buoyant layer thickness is decreased. 
Also, the effective origin of the flow has moved to 
approximately one heater spacing upstream at the low power 
inputs. It is also apparent that for the 0.2 watt input 
power setting, quiescence was not achieved, prior to the 
start of the run. 

For the closest spacing (Fig. 27) the flow still follows 
the contour of the test surface and there are no dead zones 
or eddy flow visible. Since the shrouding wall is so close 
to the test surface, the entire gap region participates in 
the transport, unlike for the two previous spacings, where 


the shrouding was either absent or was significantly far 
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from the test surface. It is interesting to note that at 
this spacing, the shrouding was receiving thermal energy 
from within the channel. This caused a boundary layer flow 
to develop on the back of the shrouding wall. 

Observation of the flow in Fig. 28 reveals the presence 
of entrainment from the left and right sides of the heater 


assemblies. 


B. QUANTITATIVE 

Graphs of block number vs. excess temperature are 
contained in Figs. 29-46. Note block 1 is the upper most 
block in the channel. It is also noted that thermocouple #1 
corresponding to block 1 heater and thermocouple #31 
corresponding to block 6 front face were broken and their 
data. were not plotted. These figures allow a visual 
interpretation of the temperature across each block face at 
each spacing and power Fergie From these graphs and the 
data contained in Appendix C, no dramatic increase in 
temperature is apparent as the channel width is decreased. 

Figure 47 1S a comparison of the front’ surface 
temperature of the eight blocks at two watts with the self 
Similar solution for a vertical uniform flux surface. The 
area of the flat plate is that formed by the eight blocks 
and the spacings between them. The uniform flux is then 
obtained by dividing the total convected energy with this 
area. The equation for the temperature excess at the 


surface is 


3:0 


Soonv 4/5 4v°x) 1/5 


(TsurF ~ TInF) = 172 KA GB (5) 


where the constant 1.172 has been evaluated at Prandtl 
number equal to 6.7 for water. The fluid property values 
used were those of the 2.0 watt run with no wall, run 12. 
From Fig. 47, near the bottom of the heated protrusion 
column, the measured excess temperatures agree well with the 
similarity prediction. However, as the flow progresses up 
the channel, the actual data and the theoretical prediction 
diverge. This may be due to the increased three- 
dimensionality of the flow leading to more cooling of the 
heated blocks. 

Results of the data analysis are contained in Appendix E 
in tabular form. These are also plotted in Figs. 48-50 as 
the modified Grashof number versus a  nondimensional 
temperature T. We note that T is the inverse of the Nusselt 
number. Each graph is for a single channel width. 

In all the graphs, a general trend is that as the 
modified Grashof number increases, the nondimensional 
temperature decreases, indicating higher Nusselt numbers. 
It is also apparent that the data for various blocks show 
less of a variation with increasing modified Grashof 
numbers. This indicates that the temperature variation for 
the different blocks is not directly proportional to the 
change in component energy dissipation. The data have been 


plotted over approximately a ten-fold increase in Qcony- 


or 


However, the resulting component temperature increases are 
only by a factor of 3 to 4. This is evident for all channel 
widths. 

Another important trend is observed from the 
nondimensional temperature variations in Figs. 48-50. For 
the lowest power input, resulting in the smallest modified 
Grashof number, the nondimensional temperatures decrease as 
the shrouding plate 1s moved further away from the test 
surface. At higher values of modified Grashof number, no 
significant difference is observed between the different 
channel widths. The difference at lower modified Grashof 
numbers presumably results from the greater entrainment as 
the channel width is increased. For larger modified Grashof 
numbers, conduction to the shrouding wall may become 


appreciable, making the temperature differences between the 


various spacings less significant. 


32 


V. CONCLUSIONS 


The author has found no previous natural convection 
liquid immersion cooling studies of a simulated column of 
protruding electronic devices with or without a shrouding 
wall. A direct comparison with other studies has therefore 
not been possible. 

Flow visualization provided the evidence of a dual flow 
structure. Near the test surface, the protrusions govern 
the flow structure, while further away from the test 


surface, the flow is similar to a natural convection 


boundary layer. There were no dead zones or vortices 
observed for the conditions examined. As the input power 
increased, the three-dimensional effects become more 


predominant and the effective origin moved further upstream. 
Entrainment velocities increased with increasing power 
Pmaput . 

The surface temperatures increased with increasing power 
but no dramatic trend in temperature from spacing to spacing 
WaS apparent. The component temperatures near the bottom of 
the channel agreed with that of a flat plate with constant 
heat flux. Further downstream, the measured temperatures 
were below the uniform flux surface prediction. Nondimen- 
Sional temperatures for each block decreased as the modified 


Grashof number increased. 
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VI. RECOMMENDATIONS 


While performing the experimental runs a number of 
possible improvements to the apparatus were noted which 
would enable better flow visualization. Review of the 
obtained data showed that using the same configuration the 
data set should be enlarged to allow for better correlation 
of channel spacing and input power. These recommendations 


are stated below. 


A. IMPROVEMENT TO EXPERIMENT 
1. Apparatus 

Both the test surface and the shrouding wall should 
be _painted a dark, flat color, with only a thin slit 
remaining unpainted on the shrouding wall to allow passage 
of the plane of light. 

A metal plate with a 12 inch long slit should be 
manufactured. It should have two leveling screws and hang 
from the top of the tank. This would allow for easier 
alignment of the plane of light with the test surface. 

A similar device with an adjustable width slit 
should be manufactured to aid with the photographing of the 
flow. 

The laboratory should be made lightproof, thus 


removing the need for experimentation at night only. 
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2. Data Acquisition 


Data acquisition programs should be rewritten to 
include lines for the storage of acquired data. Also, the 
plotter should be interfaced with the system so that results 


could be directly plotted. 


B. ADDITIONAL EXPERIMENTAL WORK 
It is suggested that the following areas of study be 
experimentally explored: 


1. Using the same test surface, several channel widths 
between 73.81 mm and 11.913 mm should be investigated 
to better understand the effects of card spacing. 
Note that at 11.913 mm thermal energy was conducted to 
the shrouding wall. It is recommended that the 
minimum channel spacing not be less than 11.913 mn, 
and that the minimum width where conduction to the 
shrouding wall is not present be found. 


2. Using the same test surface, the input powers should 

— be increased above 2.0 watts. Levels of 3.0, 4.0 and 
5.0 watts are recommended. This will allow for a 
better power input to spacing correlation as well as 
seeing if the nondimensional temperature reaches a 
constant value. 


3. Using the same test surface, only a selected number of 
blocks could be heated. This will allow an 
understanding of how the protrusion affects the flow. 


4. A adaifferent test surface could be constructed and 


studied based on the above results. A 3 by 3 array of 
heater assemblies is recommended to begin with. 
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APPENDIX A 


SAMPLE CALCULATIONS 


A. DETERMINATION OF INPUT POWER 
Using the data for block 2, run 1, Appendix C, the input 


power is calculated, using Equation (3b), to be: 


(1.75.- ees ees 


QIN = 793 = 0.20 watts 


B. NONDIMENSIONAL TEMPERATURE 

Using the same data as above, the heat loss via 
conduction through the test surface is calculated 
Employing Equations (1b) and (lc), as well as the 
information in Tables II and III, and Appendix C, the 


resistances and area are calculated to be: 


A = (0.0079) (0.0239) = 0.000188 m2 


OP Oils 7 SIL 


— a ee alee el on! ” - N 

Ra = q{oeldoy (0 s00OMaGN let ce aaee oA 
0.003175 7 P 

RB = (0.0389) (0.000188) ~— a 


From Equation (1a), Oconp is then calculated: 


(20-63 bere) 


OconD = 357.0q =0454.15 9 0 eee 
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From Equation (2a), Qconvyv is: 
Qcony = 0.20 - 0.003 = 0.197 watts 


The average temperature of the convecting faces is: 


(19.86 + 19.76 + 19.74 + 19.96 + 19.92) _ ° 
LAVG = so t—~S 19.85°C 


The ambient temperature, Tryp, is taken as the average at 
three tank temperatures. 


(18.36 + 18.33 + 18.78) _ 
Ve —# — +4 = 28.32°C 


From Equation (3) and Table II, the nondimensional 


temperature is found to be: 


T = Gene o> 2) (0.000188) (0.60038) _ 0.11 
r (0.197) (0.007874) ° 
ec, MODIFIED GRASHOF NUMBER 
Using Table II and Equation (4), the Modified Grashof 
number is calculated to be: 


(9.81) (1.897 sclon ar@ndig7(0 007674) 
Gr* = ie i - 4.5 


(0.000188) (0.60035) (1.0460 x10 -) 


Gr* = 1.14 x 10° 
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UNCERTAINTY ANALYSIS 


UNCERTAINTY VARIABLES 


Variable 


Voltmeter Resolution 


Ice Bath Temperature 


Polynomial Tempera- 
ture Conversion 


Il 


6 Ty 


OTy 


APPENDIX 5B 


TABLE V 


Uncertainty 


0.026°C 
Oey 


0.05°C 


0.00663°C RMS 


oe 


1.0 


0.0000254 M 


0.008 W/m°°C 


0.0000535 1/°C 


0.00012 m2/sec 


[(SVR)2 + (61.B.)2]1/2 +6 curve 


[(0.025)2 + (0.05)2}1/2 + 0.00663 
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Basis 


Manufacturer 
data 


Manufacturer 
Calibration data 


Polynomial fit 
error calcula- 
tion 


Manufacturer 
data 


Resolution of 
measurement 
device 

[Ret ss ls] 
(Ref. 19] 
[Ref. 19) 
[Ref. 18] 


(Ref. 18] 


oT 


Orn 


10 


IN 


= 0.063 
$V $V 
= ((SB)2 4 (eB? (eA 
H T 
= p (0202) ¢ k _x107°,2 ce ei)? 
~ NORIO 2.32 2.75 
= 0.010 


p (20000254, 2 
0.007874 


0.0034 


=- 


(9.0000254,2,1/2 
ORO233 76 


$x $k 
[ (322) * + (By 2 z (Pd) * 2/4 


Bg 


[ ( 


0050 


6X 


| (ewes 
008175 


) 


2 


0.0000254, 2 
O00 6 731 


meee 6A, 2 
oe 3 (—) 


+ (0.0034)* + (0.07) 


PI 


+ (0.0034) + (0.05) 


Sey 24 3/2 
k 


1G 


a 


2 
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] 


2 


| 


1/2 


jif2 


i 2 


Qconp ss, Ra 2 SRE 2 oT 2 oT INF. 2,1/2 
Se 
COND A B H inf 








5 0.063.2 0.063.20e 
[(0.05)% + (0.07) © Care) eae ae 


0.0861 


°Qconv ES ((2conD) 2 “ EStm 2,1/2 
QcCONV 2conp IN 


[(0.086)2 + (0.01) 2}2/2 








= 0.087 
ST. SAL 2 Oke 9 ST AVG, 2 OT ne 2 SQconv $2 
7 = [() ss (ae at Cree = (oe tT i> 4 a (J 
_— sig AVG shige CONV 
7 2 0.0038,2 0.063.2 0.063,2 2 
= [(0.0034)° + (a-g9938) + (Go7ee) + (Tetgz) + (0-087) 


(,9.0000254)2, 1/2 
0.007874 


= 0.0875 


40 


§0 Sk 
Rema) aye (SONY? 8A? 8)? 22? 


a °conv F 
~6 
ee) 4 (2)? + (0.087)* - (0.0034)* 
G) Sabie) 7 eel 6, ; 
. 006 2 
+ (02008 2 4 9 000022 __)2)1/ 
0.1046 x10 
= 162.24 


The above uncertainty calculations are intended to be a 
representative example of the overall uncertainty for this 


study. 
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APPENDIX C 


TABULAR DATA 


Ho HAH 


HAA AHH 


AAA HHS 


HAHAA aH 


Run #1 
Specing: ~/7/3.c2omm 
Power: 0.2 watts 
Date: 11 November 1987 
BLOCK #1 
Gas oe Vel tsi acs 200739035 Temp. DEG. C 20.0C2430350e5 
Does. Yelts: Db. ee 20077911 Teme. DEG. C 19. 7450S aeere 
ee | (eS Vou ts Ue. 80077978 Temo. DEG. C 12.781) 7 eee 
po Volts Oc. 88079212 Tempo. DEG. C 20.05635096423 
Cc. 2&2 S Veits oO 2c. 90079829 Tame. DEG. C 22.0222541S66 
C. #5 WiGttis < iwc. .0749417 Temp. DEG. C 252317.S64556 
BLOCK #2 
Cw =f. 7 Volts 2c. .@0078395 Teme. CEG. C 193.854847 Rare 
bs oS JVeits OC. . 00077957 Teme. DEG. C 19.75992589! 
Ge uw XS Volt 60) a6. .8007783S Teme. GEG. C 19.7410892474 
Ge 4010 Verte" be -Ce .80078759 Temo. DEG. C 19.9557819536 
ee ee Vere S aie .90078618 temo. GEG. C !19.92@75: 7085 
Ca ate VG 6 Be. .98081496 Teme. De&. C 20.ESSE7ieeee 
BLOCK #3 
Ga a oh Volts 0G. 80078062 Teme. DEG. C 19.78255sa ame 
Gt ae Volts Bune. 80077524 Temp. DEG. C !9.64887179356 
Ce 2 15 Vote sib 2G. .Q@0877458 Tempo. DEG. C 19.65246471391 
GC. # 16 Volts. U 3c. .20078948 Temo. DEG. C 20.0027354e00 
Cin cee ee Volts U6. 00078817 Temo. DEG. C 19.97019@08396 
ee . oa oles Vo Lvsal gen .20082402 Temo. DEG. C 2@.8599881386 
BLOCK #4 
cor Rees Volts 2b uCe .20078141 Temp. DEG. C 19.8022265692 
Cea eee Oo onlay BE 1G. . 80077783 Temo. DEG. C 19.71352518396 
Cetra | VOrtowa.c.. 000773513 Temp. DEG. C 19.5984) gaae 
Coe hee Volts. 8 oC. .00078524 Temo. DEG. C 19.9222424088 
Oe eta Volts OeGe .00078245 Temp. DEG. C 19.8280709822 
Ce wre Vetts Use 80082516 Tempo. DEG. C 20.85866183354 
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C ©) 0) oo ©) © 


BLOCK #5 
ieee. ¢ 25 Volts b.C. .00077637 Venere wes. 
mee. ¢ 26 Yeotts O.C. .00077434 Temp. DEG. 
mec. £¢ 2? volts 0... .0007735@8 Temp. DEG. 
meee tf 2 Velts 2.C. .00073854 1 Wetuhel, (See 
meee. «2 2Y Volts 02 . .00807794 1 Temp. DEG. 
mec. *¢ 30 Views 2.C. . 02081266 Temp. DEG. 
BLOCK #6 
mo. «6f¢t «(Sl Vo1ts O5C. Oe leqe temas GEG: 
feec. #¢ Se Viele se iO. C. .00077167 Temp. DEG. 
mec. t 33 VO Se «2.0. .08077268 Vena. JEG. 
meee. «€6t «C4 Vouys O.C. .80078155 Temp. DEG. 
mec. #¢ 3S Volts 0.C. .860077997 Teme. OES. 
mos. tt 36 Vee) | ig yi Ba Oa . 02080983 Temp. DEG. 
SLOCK $7 
ee. ¢ 37 Nets O.c. .00@76S8S Temp. CEG 
meso. 6¢ «638 Vertcoal. C. .0@076 1 | Tame. DES 
meee. + 39 Volsyseeo Cx. 08076355 ene WES 
moo, .t. 40 Velen -C.. .0@0@@77596 Temp. DES 
mec. * 4] Veolvs O-C- .20077246 Temp. OEG. 
fc. «6¢ «(642 Velie s 0 .G.. 90080754 Temp. DEG 
BLOCK #8 
mee. )«|6Ct «643 Vones 0.C. .8007ESS3 Temp. DEG. 
foe. )86ct «C44 Vorts OC. .00@075655 femp. WEG. 
ec. «6 «645 Volts 0.C. .00075687 Temp. DEG. 
ieee. + 46 Vo lism ac .09077204 Temp. DEG. 
mec. ¢ 47 Volts D.C. .80076312 Temp. DEG. 
mec, *t 48 Noles Oo, C. . 80079523 Temp. DEG. 
BATH TEMPERATURES (TOP TO BOTTOM) 
eeets O.C. mOOO T2557 Meee EGG 61S. 56c 799297 
POETS O.C. 00072241 Tene we Secs c 16.55535cC586S5 
mee,s D.C. 8007204 | TEMP UeGe ©. 18.25397586339 
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a | 


AA HHAHaH 


AoHaAAA Ss eS 


AHA 


Run #2 
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Sire ne EG) Vel wseu.C. 80085079 Temp. DEG. 
fe G: $ 34 Voltsea.€; .@0085193 Temp. CEG. 
ete %t 35 VOutcmu. Gc. .@@084676 Temp. CEG. 
Loe t 36 Voltseu.C: .8@00927355 Temp. DEG. 
BLOCK #7 
gs: CO put Ve Vs. c. .@0@8184 Temp. DE 
TC. ete os Yoltsau.C. .82@@8?@bE3 Temp. CE 
bate OPO choise Volts B.C. O80081072 Teme. GE 
Tote Shee Velts OG. 20883772 Temp. DE 
Nice eee. eel Volts. 0. €.. 800833521 Temp. ODE 
eee oye Volts 0.6. .800916S9 Temp. OE 
BLOCK #8 
i Spree & t 453 UG Ltsml 1G. .@0081677 Temp. CEG. 
} eae & t 44 Volvseo.c. .@@@80155 Temp. DEG. 
aren % # 4S Vols eG « 2208017 Temp. DEG. 
(ea 8 t 46 Viet vem. Ce . 200833351 Temp. DEG. 
oe eg 47 Valve nD ee .@0@@281589 Temp. DEG. 
a <6 ¢ 48 Vel vse ce .20@089782 Temp. DEG. 
BATH TEMPERATURES (TOP TO BOTTOM) 
YVOET5. 0. C .2@0072415 TEMP. DEG. C 18.3771948788 
VOLTS O.C. .@0@072244 TEMP. DEG. C 18.33545746201 
VOLTS D.C .200@71894 TEMP. DEG. C 18.247328693S 


46 


NOdDdAYIHNY 


NOONONdDIANYD 


OO) a) 


Om aOIAYANY 


a | 
P| 


2563394600 
1.@8931 1 tee 
|.1232665 5 
8525682058 
.548 1 30Zeee 
3.531 787eaee 


1561 .6S5o7ae 


20. 


a 


fe 


Pie 
oo 


95? J6igesee 


02 7838Sams 
.551597@aae 


a 


~J7558S 9a 


4156 Use 


.7206064139 
.423569Se 50 
.5300704385 
. (99SSSeee 
.08792408e5 
. 1501S 7ewe 


.68017323i 
~502471 43567 
. 506 1952802 
.@9035026246 
@.6585450413 
585 Ge 


Pao) |) 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 


MeeeedeeteR VLOTS 0.C. 2.308692 
MepeetaeMlreR VLOTS O0.C 2.321047 
eee ntGR VLOTS 0.€. £.510@2zS 
MmeeemeArcR VLOTS O.C. 2.30996S 
Meeernrer YVLOTS C.0™ 2.307123 
Memeseotern VLOPS 6.C. 2.509755 
fPeeeereatieR VLOTS O.C. 2.310471 
feeemeeeeteR VLOTS 0.C. 2.315597 
VLOTAGE D.C. VLOTS 2.75119 


# t+ RH HR HH +H 


mow) oO go & OF — 


HEATER 
fe eR 
BeAteR 
BEATER 
BEATER 
gery (ER 
Renter 
meniER 


POWER 
POWER 
POWER 
POWER 
PQWER 
POWER 
POWER 
POWER 


WATTS 
WATTS 
WATTS 
We tS 
WATTS 
WATTS 
WATTS 
WATTS 


Pas Sestelgs 
~494248574119 
.50450602927 
.994561558181 
SOs) StS 

.5047761391 

284095501511 
5499242491892 


47 


4H 


HAA aAa 4 


4 AAs 


HAAAA oH 


A AHA ASS 


Run #3 


Spacing. 
Power: 
Date: 

Co. 1 
Gayest 
Cin. PEs 
oe & 
Ciuc ¥205 
Oe cae 
Gere. eee 
GC. Bee 
Co eg 
Ce -2° 10 
ee ag 
Cet ite 
Ce et 15 
Ce Fett id 
om £15 
Ca to 16 
Gerke 
Cy. 7108 
Gee, Fate 9 
Cy a2 0 
Ce Bie 
(Coe Meta 2 
Co tes 
Cl 24 


Vel? s 0 
Volts 


Volts 


Volts 


Volts 
Volts 
Volts 
Volts 
Volts 


735.98.) tm 
1. OU wate 


16 November 1987 


BLOCK #1 


Vous 
Vault < 
Velts 


VOLTS 


SO: Ge 
C30) 3G) C2 - ©) 


BLOCK #2 


Volts 
Volts 
Volts 


Volts 
Volts 


UO O00 O 
es oe oe a Ge ae a ae 


BLOCK #3 


Volts 


Volts 
Volis 
Volts 
Volts 


Oooo 00 
OM 1) ©3 


BLOCK #4 


Volts 


COU UU UW 
7) ao © 


90085264 
0808407 
-OOO8 43541 
-COUSE205 


.2@2084057 
SNS BSS 
. 98085003 
Baa) he 
/O00Ss725 
.Q8190503 


.Q@0084813 
.@0082149 
.Q0082354 
.@@@8 7956 
.0008622 

-Q@8104456 


.@@@8SS5 
.@@88190S 
-2200824 
-Q@0087162 
-@@085195 
-2@0105802 


48 


Temp. 
temo. 
Temp. 
ramp. 


{ 


San 


mp cb tw 
a 
) 


—{ -t 4 —t 4 


=i 
1D 
3 
U 


(p 
a 
UW 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Teme. 
Temp. 
Temp. 
Temp. 


Sie. 


a 
0 


3 3 
Yn UO 


(1OMmO OO 
mma m mM 


Eo 


DEG. 
DEG: 
BSE 
GEG: 
DEG. 
DEG: 


DEG. 
EGE 
JEG. 
BSG): 
DES: 
DEG 


DEG. 
GEGu 
UEC. 
DEG. 
Die - 
DEG. 


Gi Gi Gi Gi G) MD 


oh 


Ce ct) 


Omagaqaddcanna 


> a 9? Ee op a a? En a an 


IOMIdTI 1 OY 


aie 
ol. 
avi 
a4 
i oe 


al 


tn | e 


S691 76Gb 
273 435Sae 
340575407 


.~ S63 78550E 


7620 105s 


~14245. 597 aie 


~~ 


f3J FJ FI hh) Py FS 


Ul=+= += ~~ & 


rI tS TI DI PJ PO 


mNI—- MVNO dso — 


--_SOTza aes 
~ 94206094387 
.O08SSeseee 
. (3208 gee 
56335 )Soenm 


3295759840 


© & Swi 


4574906652 
»(9724647) 

.848@851991 
colt (oqo 
8058412450 
.2983644288 


.6399908aa8 
- 7367291048 
Q@.8594921S88 
. 0389254958 
1. 799653005 
.6263135 7am 


Sot etieenatenee CiGe 10 SCTTOM ) 


mec. ¢ 25 
ec. t 26 
me, t 27 
fc. t 28 
mec, ¢ 29 
fc. t 30 
mmc. + 31 
mec. ¢ 32 
jc, t 33 
mec. t 34 
ee. * 35 
mec. % 36 
Mc. t 37 
fc. * 39 
ec. 2 39 
mec. % 40 
foc. +t 41 
mmc. t 42 
me. ot 43 
mmc. ot (44 
ce «o£ 45 
ime. ¢ 46 
foc, ¢ 47 
mec. ¢ 49 
VOLTS D.C. .00063358 
VOLTS D.C. .00063229 
VOLTS D.C. .00063074 


BLOCK #5 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK #6 


Volts 
Volts 
Volts 
Volts 
Volts 
Vers 


BLOCK #7 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK #8 


Volts 
Volts 
Volts 
Volts 
Wight 
Volts 


, as Fo Jy ss Be | 


oOou0uca 0 0 0 


Oo eo eS) 
Imo mM a ©} 


se aa) ae es es a 
NOoIaInnIdIn 


Oona om © 


EME 
Pees 
HEME: 


oe Ol Pe ie ew 


.80883707 
-@0082569 
.8008239 
. 800877563 
»2@008539 
.081824355 


.@268306 

. 208089957 
.2@0081655 
. 2006576 1 
8084015 
98182488 


20080817 
0007829 

00079324 
00084154 
00082882 
.20100595 


.@@@8016 
. 00077564 
8807749 
-Q@2@083422 
00079941 
. 0009841 


BEG. ¢ 
BEC we 
DEG sc 


49 


Temp. 
Temp. 
Tempo. 
Temp. 
Temp. 
Tempo. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Teme. 
temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


eealets goed 4 
Hee0e2es527.7 
16.0456418264 


De. 
BEG. 
DIES 
DEG. 
WS Sy. 
BES. 


BES. 
aor. 
BI 
BES. 
Detar 


DES. 


GEG. 
BSI 
BEG: 
DISS 
OEG.. 
Eo. 


aIdIaoIaIjnnns 


Cy ©) ©. ©) oo 


OgaaIajaIin 


NOnogaada 


el 


a7 


oo ew © 


.602@3766527 
~eO2a2g92 75 


a | 
- 
— 


1854884457 
ZO 
2Q. 


&518048988 
85701243509 
[Siete (25 


eiogsonc1e7ag 


20r 
eur 
omen, Si) oc 
Sigs sore. 15 
aoe 


Gal 


Beal 


ele 
faye 


et 


i 


“(Ar 


dn WW 8 


ease 


oO. 
lear. 
19. 
»112857204 } 
2a 


Z| 


24 


iw fu Ow 


SOlase2c25 
Beene bo? 


ce iam ye atic, 


So 
68) 


JW— 


t 


— ©] 
we ob! OJ Ww 


fon 


SUS 7 W272! 
6588152085 
6404197327 


2455415255 
C1250 7 ace 


BLOCK 


BLOCK 


“BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BLOCK 
BLOCK 


BLOCK 


VEC RAGE OC. 


++ HR TH 


BLOCK=% 


BLOCK 
BLOCK 


bi 
t 


HEATER 


HEATER 


rethea(o\t| ehint 


tein Ute 


i= {mill = a! 


MeeteR 


giela =n 


BEATER 


Fema 
REReR 
Hem ver 
hEATER 
Regen 
Beever 
REATER 
HEATER 


VEOTSs OG eoraoca 
VLOTS BUG. 3, 3055 
VEORSe D6 won 23 ser 
VECTS 026. S.203eq 
VEOTS “O7G—. 5.28675 
VEOTS DaG 5.29956 
VEOTS 0 -C. 4.23265 
VEOTS: De. 237 Se 

VOT ow oes! 3 / 
POWER Wats 1eO2Site 2 ae 
POWER WATTS 1! .@@12069693! 
POWER WATTS@ 122287055050 
POWER WATT S21 202208 nis 
POWER WATTS 1|!.@25684525395 
POWER WATTS |.@02546 505465 
POWER WATTS ?} .O21g230eua3 
POWER WATTS 1 .@122838@745 


90 


HAHAHA 


AHA AA HAH HAA 


AAA a AS 


Run #4 


Spacing: 73.81 mm 
Power: 2.0°-watts 
Date: 16 November 1987 
SmoChK as | 
— t | Wapeesr 1. 
ot . Wels Dat. 
me kf 5 Volts O-C 
os st 4 Welts 0 0.. 
je. £5 Vomts oO .6. 
me 265 Vio lees Cs 
SOC fc 
fo t 7 Jets 20 
=. << 8 Vouve™ ©. 
fe ¢ 9 Yolrs=o.C 
aS) olism eC 
a. 11 Vous Oh. C 
a Velo es .c 
BLOCK 3 
feet 1S Vols. t. 
fs («14 Vanes oC. 
eee fF 15 iO Uomo. 
oe t «16 Yolveomwe.C. 
eet (17 Verusm oO <C . 
i. ££ {8 Weltes 0 .C. 
ELOQCK #4 
ee tf 19 Oto 4G 
oe t CQ Volts. UisCe 
ft 2 Volts OG. 
weet 22 Wo llc Byalon 
oe ot 2. Volts OC. 
oe st 7A Wit oar ail. 


-OC0ss 333 
.@0098954 
0009904 
.@@104159 
.BO1@1351 
C525 10) 


-2@0028191 
{COU 2So72 
.8809585 
00102563 
.00101402 
.@0131594 


»@OOSE55E 
.@0094913 
00095948 
.@0102857 
. 20098013 
.@0137@8 


.@0096349 
.@0093199 
000935953 
. 88098074 
FOOOSS325 
DOO1S 7817 


yk 


Temp. 
Temp. 
Temo. 
Temo. 
Temo. 
Temp. 


Teme. 
Teme. 
Temo. 
Temo. 
Temp. 
Temp. 


temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temo. 
Temp. 
Temp. 
Temp. 
temo. 


Bec. 
TES. 
BEG. 
BES. 
BEGe 
DEG: 


Gio. 
DES. 
GEG. 
Jeo. 
ESR 


EO. 


BEG. 
BEG. 
GEG. 
BEG. 
BEG. 
Cec. 


DEG. 
Peo. 
DEG. 
DEG. 
DEO. 
BEG. 


CC) £9 (2 €3 Go £3 GCs (902 C2 


GO ff) 6) ©) 


) G35G) 60-09 


fois 
a4. 
24, 


Ler 


ee 


_ wt @ 


LA hata 
f+ fo 


riacn Gt 


malar 


‘. 
—_w 


Cd 


Se 


aA 


Faller 
240. 
vl 


& O11 & OF Gi fa 


CO) For ID Ps 


1796184407 
J¢ a saouG 
96844562355 


.(5745964554 
-'164190595 
.1834145146 


PSs 0co00 2) 


Sao Seovs ie 
7147451812 
Sips) fat 
7158472085 


A ByAis\ 2h) 3) | Shs 


sOUGea/oc19 
-SIOUEOS2Z7e 
.( ood ae lmeG 
~7308541777 
0380259548 


4104326334 


BLOCK #5 


ee Cane he Volts Oe -@0@97024 Temp. DEG. 
To Gs. 2E 26 Volts 0. .2@0035663 Temp. DEG. 
ee Cae fee Volts DC .@009S773 Temp. DEG. 
eC. eee Volts.5 26 .@0104532 Temp. DEG. 
Te. oes Volts some .@010185 Temp. DEG. 
Ti eee 0 Volts O.¢ .@0135@93 Temp. DEG. 
BLOCK +6 
lee ule. th ed Volts 02 Ce .@831284 Temp.” GES. 
[SO OR Bos Volts Ose. .90093437 Temp. DEG. 
TOAD Aer Velis lee 00095337 Temp. CEs. 
Tea Ccheenk od Volts s0G. .2@0101723 Tempo. DES. 
lie. “6 Se oe oS Vol vseb.€. .@@03933639 Temp. DES. 
Te. Cx “F256 Viel temo. co. 20136077 Temp. DEG. 
BLOCK +7 
ee ees oa Velwsme .C.. .@0@94894 Temo. DEG. 
TS Cet oe VO hase. ©. . 20090439 Temp. DEG. 
Ts Gusti Yoweri Ba Ooe -O00S2556 femp. BEG: 
ie Cee Vol tsan .Cc: 00101444 Temp. OEG. 
Ve C- ee| Volts &.C. .90@0983@6 Tempo. DEG. 
Wire Oa rear We sane VO Smeg « ~O0133s94 Temp. DEG. 
BLOCK #8 
es SC eons Volt sao6 200392161 Temp. DEG. 
Tie te ee Veltss 2.c .20@088689 Temo. DEG. 
lhe c.e tf 45 Vo tttste 2c 00088349 Temp. DEG. 
Te-C. 2246 oi tise bee .@0@03835739 Temp. DEG. 
oC aa 7 Volt om. 200392944 Temp. DEG. 
late 48 Via) to 8 eG .@@128954 hemo. GEG. 
BATH TEMPERATURES (TOP TO BOTTOM) 
VOWS oe 6s .90063761 TEMP. DEG. C 16.2156411894 
VOLTS. fe: .@90@63615 TEMP. DEG. C 16.1790931662 
VOLT Sabie. .00063754 TEMP. DEG. C 16.2138889481 


SZ 


OOO MOO O 


m1 1 © © O 


Cy ©) CD Cd C2 OD 


G) ©) 6) ©> © ©) 


.47247267ae 
. 1373556 te 
- 1644498276 
.517900557 

65899550 
(546109452 


405992 .00471 


ae 
— ww 
vo om 


ere: 


no wd 


rs sand 
Gm wa) 


24 


OW ri fo rl Po fl 
truUGN @&M ta t Ol 


. 588752 

.@5705139a9 
62772 eae 
. 1304590652 
. 9906 9a7 sen 


.3479@4352 
.861504520) 


5911933 


5532055 aee 
. (87 Sh56 aie 
326 


4746850386 


2749006258 
.416525 7548 
3324/5250" 
. 1009610456 
.4671684316 
.2685944092 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 


tJ 


HEATER 


oletan tin 


Member 


HEATER 


HEATER 


HEATER 


memrcR 


HEATER 


VETS 


VEO Ss 


VEOTsS 


VLOTS” 


wees 


VieOlne 


VES 


VEOTS 


meepmoer O.C. VLOTS 5.50955 


i 
rJ—- 


+#+# HHH H # 


own uw & Gi 


mee teR 
RenER 
memleER 
mem! Gi 
meoreR 
HEATER 
HEATER 
ReAlTER 


POWER 
POWER 
POWER 
POWER 
POWER 
POWER 
POWER 
POWER 


WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 


hr 


— TJ rIr2 ror — 


W255 Jeo tee 
97859585604 
.02094528129 
poe ose oe ac 
sWee0gesed 1! 
.021925/75485 
OISlEI16 

-$9995520as6 


Do 


4 4 


AA AHH nn AHH Aa 


con iiicon Miten Mite 


Run #5 


Space. 
Power: 
Dates 

Ce eal 
GC. ta 
Gee 23 
Cet 4 
C. 5 
Ge “56 
Ge ead 
See 
Coase 
Cc. # 12 
Cece el 
Gan eeulee 
Ge tie 
Cree aa a 
Cy st Ws 
Cet 1s 
OG) 
Ce: =f. 68 
Ce, ting 
Ci. #229 
Gar tec 
Cian - tee? 
Cin ote 
Come tec4 


0.2 watts 


17 November 1987 


BLOCK #1 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


Oo 0 O00 
OoOmmgnd md my 


BEOCK 42 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


OO COO QO 
1 1G) G63 


BLOCK #3 


VGLts 
Volts 
Volts 
Volts 
Volts 
Volts 


Ooo 00 O 
(2 ©) ©) 09°09 «5 


BLOCK #4 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


Oo0 00 0 
C3 OO OO oO 


.9@0070914 
20070222 
.9@070953 
.O@@071276 
.Q@8071114 
.@651422 


002070492 
0807208 
00069933 
.00071178 
0007084 
90873574 


.20070483 
. 0005988 

.90069779 
-O@071117 
.Q@Q0070769 
. 02074196 


.00@71244 
. 90069556 
.Q@2069385 
.20070627 
.2@0070348 
.Q@0074283 


54 


Temp. 
Temp. 
Temo. 
Temp. 
Temp. 
Temp. 


Temo. 
Temp. 
Temp. 
Temp. 
Temp. 
Tempo. 


Tempo. 
temo. 
Temp. 
Temo. 
Temp. 
Temp. 


Tempo. 
Temp. 
Temo. 
Temp. 
Temp. 
Temp. 


BEG. 
Die El. 
JEG" 
DEGe 
DEG. 
BEG 


DEG 
Bebe 
Tse . 
Dea 
BIENEy, 
De. 


DEG. 


DPSEy 
DEG: 
DEG. 
DEG. 
DEG. 
DEG. 


) 02. C) G2 Gorc3 () 63°G@) (2 @ © OO Go) Oat 


INOOdaONIAaM 


18.@029581147 
17. 85052375 a— 
16.@141818604 
18.0952520= 

13 0S223sRr ee 
143771 .001054 


17.898 1 Se 7aa 
17.794898554e 
17.7 7066S ee 
18.8688004516 
17.9845007543 
18. S6S5S563S5aa— 


17.97548856ge 
17. (64997 eee 
17.719 786@aa 
18.05558 766g 
17.966 (7SOs7 ee 
18.8208748884 


18.0852596654 
17.6641305208 
17.62144873567 
7.931 35g5ee 

17.8617665744 
18.84253797 ree 


BLOCK #5 


meee. £ 25 Velie 0.0. .20069755 Temp. OEG. 
mee. *¢ 26 View ts OC . . 900593 Temp. DEG. 
OE er Went, s 0.C. .0@069395 Temp. DEG. 
0 ares: Woerts 0.C. . 80070453 Temp. DEG. 
meee. ¢ 29 Voultcoue aCe .20070072 Temp. DEG. 
ic. + 30 Welts O.C. .00073311 Temp. DE. 
BLOCK #6 
0 ae Vo lve. .@632886 Temp. DEG. 
OE a ae Velts 9.6 .00068795 Temp. DEG. 
if C. e355 Vols WG G .200683982 Temp. DEG. 
mee. 6|OCU tl C4 Vets. 06 . 20063997 reMe < weS. 
mee. ¢ 35 Volts .0.-C . 20069678 Temp. DEG. 
mo, * 36 Vo jace (0,518 .9@072965 Temn. NFA 
BLOCK 237 
mec, £ 37 Voiies a 26 .@006945 Temo. GES. 
mo, tt 38 Wea its O.C . 20868188 temo. DES. 
moo, + 39 Wanless ml). © ~80@6 8575 Teme. DES. 
mec. ¢ 40 Vertes oO. c .0006 9482 Temo. DEG. 
mae. «6S CAI Yous 0. .C30ES1 82 Veme . Ces. 
me, )6Cht C42 Ve lesa 0c 00072565 Teatuiol 6 Shae 
BLOCK 328 
mec, t 435 Wonton. G. .@005798 Temp. DEG. 
meee f 44 Vets elim .00067404 Temp. DEG. 
ioc, t 45 VeuresO. 6. 20867405 Temp. DEG. 
mee, )6|Clhlrt CAG Volts O.C. 20068794 ene eo. 
mee.) «(Ctl C47 VOLTS. 0. 0. . 22068 Temp. DEG. 
ieee, + 48 VOltsho.6. .00071555 temo, veo. 
BATH TEMPERATURES (TOP TO BOTTOM) 
moLTS D.C ~.O00635946 TEMP. DEG. C 15.2619481867 
meoL?S 0.C. .20063674 TEMP. CEG. C 16.1938628959 
VOLTS D.C ,@0@63796 TEMP. DEG. CC 16.22449023031 


DS 


C) Grd) G35) @ 


J 

co 

-J Cs 
1 


nd. & am —-- * 


) 


Pe Se ee Se ee a ee 
~J UV fe 


mm 


i ee ieee ee 


CG) Co Gr to 0) 19 


on =~] 


Om © 


CC) fy)" Gi-c) 


. 708306903538 
.69002312761 
.6259448487 
seis sis 6 Sis 
ils BSW E Sa, 
.6004549184 


nd 


— (flo 
~I} GJ OG] 


to G) &w 
a 
-(0 © —~ U1 bl] 


yo) 
0oGrrw - & 


1 — Of co oo 4 
uM 


-—+ 


Sr vse eg 


2225752021 


wt ow tee 


seer ece is 
.570774394) | 
.414575@041 3 


Be (Molen sieesias 
wI25 /20ge 53 
.1269705844 
.475906 1621 


S6156285 
281@@985 


-~ 

/ 
- 
5 


BLOCK 


BLOCK 


GLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOG 
BLOG 
ELOCK 
BLO 

LOCK 
BLOCK 
BLOCK 


VEOVAGS sce: 


4% 


tJ 


Ol 


-_——- 


HH RR tt HH O44 


(] 


m-~Jmotn 


HEATER 


HEATER 


HEATER 


HEATER 


REateR 


taint feta 


Ree eR 


BEATER 


FAeoTER 
HEATER 
HEATER 
HEATER 
HEATER 
HEATER 
HEATER 
alecigtiliede 


VEOTS OC ued (dee 
VEO Tee. Cow. 405 950 
VLOTS 0 Came 7 SSde 
VEOUS OC. lee aS 
VLOT SOs C Milne ose 
VLOT SC mee (9457 
VLOTS ©.C. F.4800e= 
VO Tse Cle 4 eon. 

VLOF Sie fee O48 
POWER WAIT= ..20/s2584522) 
POWER WATTS .202714088e25 
POWER Walls 220711 0@5St2e6 
POWER WAITS 207 1557 sea4 
POWER WATS s20750GS-o05 
POWER WATTS .207205437461 
POWER WATTS .206762@908026 
POWER WATTS .204955166461 


a6 


Bs Nil i a 


HAHAH 


HAA aa 


A HHA aS 


Run #6 


peacing: 11.913 mm 
Power: 0.5 watts 
Date: 17 November 1987 
BLOCK #1 
S Vo laser O.C. 
oie Volve 0.C. 
oe xt 3 Volts © .C. 
oo it 4 Volcs §.C. 
te & §S Volts) 6. 
C. #6 Wo) ts, 90. C. 
BLOCK #2 
fe t 7 Volt seO..€ 
fo t 8 Ve ktse) .C 
ce 2 oa Volts 8.C 
at («18 Yolts §.C 
Se Vout Ss.) . GC 
Sean }2 Vorts 9). 6 
BLOCK %#3 
eo + «13 Vetus. 0.6. 
ea et «61 4 Yours © .2C. 
C. £15 Vetrs ».C. 
ce * 16 Vours © .C. 
oat «(17 Volws ®.C. 
oe tf 18 Volts 0.C. 
BLOCK #4 
fee + 19 Ye1+s5.0.,C- 
fe t 20 Voubrs  O..C. 
cee ol Woes. Oat ; 
feet 22 Volts, O46. 
freee t 23 Volts O.C. 
eee t 4 Yolts. © 7G. 


1) Mee 
. 00075667 
.Q007762 
. 20078484 
.20078516 
sJo5 7514 


~QQO77145 
-00075157 
-@0076161 
.Q@2@07870E 
.Q8877903 
.Q@@98491 


.O0076889 
. 00075901 
-000753925 
- 20078562 
.Q@0077795 
.90@86516 


.Q@Q@077507 
. 00075484 
.@@07556 
. 2007804 
.2007729 
.9@@087154 


NG. 


Temp. 
Teme. 
Temp. 
Temp. 
Temp. 
temo. 


Tempo. 
Temp. 
Temp. 
Temp. 
Temo. 
Temp. 


Teme. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


BES. 


BIS 


BiSeye 
DEG. 
DEG. 
BEG. 
DIS 
BEG: 


C22 OOO Ovole Go! Grae 


NOOaGaAaaa 


19.660506 79354 
[ats Ser ag2 
leis) 7 Be syete\|bo 
Peis islal Glas ove fy 
oostevo a5 
S2gns , 901045 


1359546472536 
Pou SWihe2eeso4 
[oesGeeeocOs 
19.9426148528 
[Sew 2S S55 
ol, oeslee7? 74 


19.4909931345 
[See to 24e0s70 
19.2512190@91 
19.8571442991 
Poag te2sc4ea4 
Zeer oGa44s75 


19.6446457813 
19.14149@8466 
fi. 1106551705 
io. 77 726405 

19.5906987854 
se. 0569474692 


BATH TEMPERATURES ( IOP GRB@ rior: 


ie Cx aes 
le et 2b 
Tera opie 
T2206... ee 
ToC. te 2g 
Te Gy ate oO 
ete 5... S405 
tanec, 2 32 
eC. eee oo 
loc eos 
Tee Ge Oh 35 
ie SC eat oo 
ie oe oe 
LS Cheer oe 
1. ‘Gameete ss 
Ve (Gee ead 
Te. FS 
eee wae 
pe Oe 
ives Oru cars 
To 6. (4645 
i Ce GesG 
ako, eae 
Tee eh aS 
VOR Sib ie .0@063986 
VORiIS=).. .O0@@63916 
VCP omp. c.. . 990635874 


BLOCK #5 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK #6 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK 


Volts 
Volts 
VOLUS 
Volts 
Volts 
Volts 


BLOCK #8 


Volts 
Volts 
Volts 
Jo les 
Volts 
Volts 


OOO Oe] 


Ooo ao oO 0 
CO Oe Gwe 


ao) Oo Oo &) © 


Oooo oO O 


OQ © @ @ GG 


Se at Dl Ge J ee ee Ee | 


C2 C2). 2G) 


£7 


.20075757 
.92@075131 
-98075303 
. 80077823 
.@@676679 
. 00085011 


-US22e 16 

.900743505 
.O2074401 
.00076745 
JOUG yee s5 
. 00084297 


.00074382 
.00072571 
.0087342 

90075592 
.Q09075255 
900535557 


80072521 
OOO7IEIE 
.00071525 
. 900748) 

.00072787 
.2@0@081745 


TEMP.  DEG=s es 
TEMP.) DEGaae 
TEMP. -OBGraGe 


58 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temo. 
lems. 
Teme. 
Temp. 


temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


271959944 
25443923565 
243925si6 


HeGe 
Ger 
DEG. 
Ges) 
DEG. 
DEG. 


DEC. 
GEG. 
DEG: 
GEG. 
Clee 
DEG. 


BEG. 
DIRE 
Hes. 
BEG: 
GEG: 
DEG. 


eG. 
DISET 
BEG : 
DEG. 
DEG. 
GEG. 


gNd000O0OQ 4 


O12 Qa eS 


gqogdgagada 


CGV) Ci) 


ae 


1g 
i 
ig 


zal 


hem 


2094206886 


255540927 
.9964479449 
7231 dae 
43587 70Naue 
9965273003 


119435. 51a 


es < 
(32 
Se 
[38 


au 


is 
18 
1€ 
esl 
V3 


= 


ei 
18 
Rs! 
[ex 
18 
20. 


8480158435 
S7191SSee 

45518357 
243257535 
525575 ie 


.8671a7aias 
4908309145 
.62 76282094 


267827 see 


0872359 maee 
. 1487936 7 


478357208 


.228381 63a 


1SS329eme 
973741 ee 


46938935250 


6972895ee— 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 


tJ 


©} 


eater 


eater 


HEATER 


REA TER 


HEATER 


HEATER 


meme 


HEATER 


VEGiS 


VLOTS 


NEOs 


VLOTS 


VLOTS 


VLOTS 


VEINS 


VLOTS 


=> USS 
é 


MEGTAGE 0.C. YLOTS 2.7 


ie 


#H HH HH 


~Im»s Ds SOO 


CO 


RECTER 
HEATER 
BEOTeR 
Beater 
BEATER 
BeoreER 
mea tek 
HEATER 


POWER 
POWER 
PQWER 
POWER 
POWER 
POWER 
POWER 
POWER 


WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
Wels 
WATTS 
WATTS 


ee | 


tJ 


tJ 


tJ 


ro 


tJ 


tJ 


tJ 


52) SBS) 


~314146 


5 Sp Sue 


-32809 


S6496 


.5070748972851 
4957S hS75U67 
UGS coor aoe. 
.5@6568454425 
Pac /S0So1 sca 
.506 765605495 
PaUSo gi ver7 17 
Pee | 276 ce Od 


a2 


Run #7 


Spacimag:- “ll.9f3 


AHA AAS 


HAHAHA Aa 


AHA AHH HS 


HAA AAS 


Power: 0 Wate 
Date: 17 November 1987 
BLOCK #1! 
C. tat Volts 10 0s 22086707 Temp. DEG. C .9263567438 
Ca aoe Velis” bac. .00085117 Temo. DEG. C 1.55277 foes 
Cat 5 Yorts DEC 2008672 Teamp. DEG. C 9295733868 
Gre ea oe Volts ib..6 .@@08699 Temp. DEG. C 9963757079 
Gar 75 Yoits 20562 .80@87838 temp. DEG. TC 206 1235052 
C2 eG Voltse One. 9279255 Temp. DEG. C 50.44901559 
BLOCK #2 
One a Jelte Ge. ~.@@@8E135 Temp. DEG. C 21.784803556553 
Ce at 3 Yorts Bae. .20084436 Temp. DEG. C 21.35764951 4635 
Ce. °t 8 Volits be. cr .28084905 Temp. DEG. C 21.4802759762 
Gare. See Volkns Wine. .2@0089124 Temp. DEG. C 22.5240398548 
Ca tea Usl ts: D.C: .00@087403 Tama. DEG. C 22.0935408235 
(Ba sm (Eee Veit s 40.6- .90102538 Tempo. DES. C 25.8l780SSi 
BLOCK 
ope ae Volts b2G2 .Q@8ES993 Temp. DEG. C 21.7496564941 
S. >t 14 Vout sb 6- .00084233 Temp. DEG. C 21.35138196735 
C. # 15 Vo itso bic, .2008 4307 Temp. DEG. C 21.3321524655 
C. # 16 Voltise D.C. .2@20865 Tempo. DEG. C 21.87513500se 
Gre ae Volts Dac 00087456 Temp. DEG. C 22.111650g5ae 
Gee wie 78 Volto oc. .20105703 Temp. DEG. C 26.6@40532895 
BLOCK #4 
C. # 19 Volts iG. 00086349 Temp. DEG. C 21.837757haoe 
GC. # 20 Volts UG. 00083851 Temp. DEG. C 21.2191 7 haem 
Ons 5 Aa Ver ts “OCs 0008377 Tempo. DEG. C 21.1991@0n ae 
Gi. tage Volts’ Pvex .O@0@88bS5 Temp. DES. C 22.40812iS3a8 
C.. 23 Yelts DG. 00087517 Temp. DEG. C 22.0772684996 
Cire t 24 Volts. Doe. 00107266 Temp. DEG. C 26.39869¢eeam 
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AAA aa 


BLOCK 


foe. «6 h2 Vonts D.C: . 80084506 Temp. DEG. 
loc. )6CUt 625 VOltS-0.C: .00083412 Temp. DEG. 
ee 6 tl Volts fb .C. .00083973 Temp. DEG. 
mee. ¢ 28 Viotts 0 .C. ~@8088712 Temp. DEG. 
(0 SR welts D.C. . 20086534 Tempo. DEG. 
ie. ££ 30 Wore SOs .9201805501 Temp. DEG. 
BLOCK #6 
coe + 3 Volts 10.6. .@483189 Temp. DEG. 
fees 32 Volts Bac. . 90082127 Temp. DEG. 
oo + 35 Veut sb.C . .00082191 Temp. DEG. 
ct (O4 Varese. . 00085735 Temp. DEG. 
oe t SS Vet iseeg c . 88008495 Temp. DEG. 
C. # 36 Views o Bie . 20102794 Temp. DEG. 
BLOCK #7 
0 iene Vol tse. C. 20082072 Temp. DEG. 
feo. + 38 Vonsis DG. .20079664 Temp. DEG. 
ime. * 39 Volts 8. C. .2@0088792 Teme. DEG. 
ec. «6t «640 VYelts B.C. .@0085499 Temo. DEG. 
CE: re VelUseu.c. . 80084064 Temp. GES. 
io. )6|OCUt C42 We ise. ©. .80101335 Temp. DE. 
BLOCK #8 
meme. 86 «45 Votes 0 .C.. .2@00739705 Temp. OEG. 
ee | 6t «644 Volts. —.C.. .0007804 Temp. DEG. 
fom. + 45 VeltiseD.C. .0@0877589 Temp. DEG. 
fomec. t 46 Ue Meese 0. C. . 00083833 Temp. DEG. 
mc. 3 «6t («47 Volis (0, © « 20080045 Temp. DEG. 
ieee. it 48 Wert s 0) 2c. .00098359 Temp. DEG. 
BATH TEMPERA URES ( TOP pe BOTTOM) 
WOETS O.C. *,@0@653962 TEMP. DEG. C 16.2659529138 
eeers 0.C. . 90063902 TEMP. DEG. C 16.250935@21 
woetS O.C. .80063946 Pane. (SES 1 seis srbsn isis 
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OgqaIaadgIaanny 


IIA IAACGYA 


om es SP He a: ST Ge 


moo OG aG 


tN FJ PO fl PQ 


.581449386 
ll CSTs (aa 
-2494017377 
-4222110058 
.88554869 1 
B54 1255358 


42980.8457207 


ao. 
Sue 

ie 
mle 


C2 6 Fa 


(| 


PSs 
are 
fa) 


sae | 
= 


” 
“ 


(Sl (302553 
8076526403 
3320477089 
4914205755 


. 390542067 


se rola SSeS! 
. 1805620142 
.46@SeS7658 
.6275642645 
we S42 9526 
pel eCoe Jae 


sbSO35 0 2oG.0 


77712646 
6650297407 


.2147116387 
Pe Sa 2o57 
~eOC 2525525 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 


# 1 HEATER 
hoo Heater 
e SCHERER 
$ 4 HEATER 
* S HEATER 
* & HEATER 
io? (eAien 
% a HEATER 
VEOimGeee. 
# 1 HEATER 
foe He aen 
wo Ree ek 
% 4 HEATER 
15 REG IER 
7 HEA ter 
t 7 HEATER 
# 8 HEATER 


VLOTS 


VLOTS 


Viens 


VEG s 


VEGTS 


ViOTS 


ie Oss 


VLOTS 


Vj ON EMEC: 


POWER 
POWER 
POQWEF 
POWER 
POWER 
POWEP 
POWER 
POWER 


WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 


O) 


Oo) 


Ob) 


u) 


b) 


ul 


C4] 


5 


a 
& 


7 


O51 Senay iss 
. 90840520517 
.@3034106218 
~95056S94104 
O52 SSG ocean 
.Q@5108175149 
.@2897794896 
Vl SrveoOso6 
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AAA Aas HAAAdAaS AAA Aa 


AAA Aa 


Run #8 


Spacing: 
Power: 
Date: 

+ | 
oe tt 2 
eo it 3 
oe + 4 
f+ 5 
eo. + 6 
fe ot 7 
ce + 8 
Cc. #49 
oe t+ 10 
me + (Ni 
ee ft 12 
meet (13 
oe 
oa # 15 
fo + «16 
cee «(617 
fe #¢ 18 
i * 19 
ot 20 
coe t 21 
feet 22 
feet 23 
meee 24 


PE. oS. mm 


2.0 watts 


BLOCK #1 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK #3 


Volts 
Volts 
Volts 
Volts 
Ke plag 
Volts 


BLOCK #4 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


OO © eo eS 


Oooo vo oO 
(2°) (2 €) ©2 © 


Oo Oo oO © 


C2 9 Mm 1) © @ 


Seo uo oO 


17 November 1987 


O OO 2-0: @& 


IgIaaoaaIinnann 


.Q20098045 
.@0097514 
.Q@0991S 
.Q@0098299 
O21 @083S 1 
.O070745 


O009E243 
.Q@009657 
00097125 
.8@2102098 
.@@10155S 
.@01 52052 


-@0@99028 
.Q0096138 
.2@00967'1 

00098955 
-O@@1@01017 
.Q@138144 


.Q@@100216 
. 80056484 
.@0096499 
.@01035215 
.90102539 
.00141873 
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Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Teng . 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
temp. 
Temp. 
Temp. 
Temp. 


Be G - 
WEG: 
BES: 
ONS. 
DEG. 
BEG: 


WEG. 
Deer 
BES. 
BEG. 
ooo. 
WEG. 


Dies 
DIRE 
BEG. 
NEE 
NEE 
DEG. 


op i Gp El @> i > Ol > a op at OP El Gp an > El ap a 


omgaIimdgiana 


IagIaI anny 


4 
aa 


oo 


—y ame 
a, 


ww! 


Pi P RP KR Iz 


GO! VM tV PI ob 3 


—— pe = 


ei Gee tS 
Poe ooo wa, S 
24 


497352499 


Olesen lols he | 
AS ayy 


Seegeec745 


ree eae oto 


Foloodaac la 
~2945488025 
ooleeuobe 
4 (SUS 72 
.4543274978 
.4892735804 


wooed a 2o54 
woo soSr lose 
oA Se 502587 
Res he Bij o yea 
-o2o0o4do05 
5 5574e lheodgo 


Tae ts 
TeaC eat 2G 
Tre-toxe tte 

ie Coon ¢ eo 
1. Co "225 
T. C. ¢ 30 
aceon, test 
ete eae Se 
Te eS- 
i 8 Ses 
Tce ass 
7. (6. 436 
Tce eee 
T. C. ¢ 38 
T. C. # 39 
Peewe ate40 
(ee oe ser) 
7.00.2 ot 42 
ae 
ecm t 44 
Te 6.) tess 
T. C. # 46 
lee eae ee 
Temes et-49 
VOLTS D.C 

VOLTS D.C 

VOUT S 0.6 


BLOCK #5 


.90063972 
. 90063946 


TEMP... SEG eae 
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Volts D6. .80898718 Temp. DEG. 
Veilts soe .@0096S8 Temp. DEG. 
Volts 0.6. 80097725 Temp. DEG. 
VOlts ue .@010S6@0E Temp. DEG. 
VOlts. Doe .00102888 Temp. DES. 
Volts O2G- .@013606 Temp. DEG. 

BLOCK #6 
VG i ou ee -OS568589 Temp. DEG. 
Volts Bees? 800948383 Temp. DEG. 
Volts» O-c. .0@00958S53 Temp. DEG. 
VolVswe yon 00103542 Temp. DEG. 
Volts Be. .82@100336 Temp. DEG. 
Vo ltcmon Os .@01355645 Teme. DEG. 

BLOCK 
Wen USEC. .00094947 ence Gale 
Vem Gl ee . 00090844 Tempe eOee- 
Velismb wt. .0009271 3 Temp. DEG. 
VUGEGS 16 5C. 00181854 ens. eeer 
Veli ps.0.C. .00098967 Temp. DEG. 
Volta) .G. [O00 SSa22 Tamp. DE. 

BLOCK #8 
Wie Tatra .009091492 Teme. DEG. 
Volt omenc« . 20088503 Temp. DEG. 
Volts? B.C. .20087504 Temp. DEG. 
Vette D.C. .00099407 Temp. DEG. 
Volts Bae. 00092318 Temp. DEG. 
Volts be. TOC es S74 Temp. DEG. 

BATH TEMPERATURES (TOP TO BOTTOM) 
TEMP. DEG. C 16.2684558519 
TEMP. DEG. C 16.2619481867 


16.270453 23535 


QONN0O0N 


(0 © ©8802, © 


(3G. CPO.) OD 


OoInaInaInndnn 


GO) tJ ta ho Po ra 
fr} Ol Ult3 & b&I 


OG) tO Po bo bs MT! 
WYuwonp & f 


.8892600791 
~ 56351727 ae 
.6449883594 
.5802816979 
~9137 1 1 oa 
.9865910549 


14771. SSZaeee 


ms 


— ww 


a iam 


coe 
.6S9886 aoe 


a 


cae 


Z4 
533 


.9343575e 
.1841533e3e 
.0741841958 
.28701da2iee 
8864260425 


. 5609638506 


9489207544 
4056948418 


99249352085 
3978553444 


. 1088960735 
.370545 doe 
. 125S222ee 
.@586774191 
. 3127390 
2754358 Same 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BEOCK 
BLOCK 
BLOCY. 
BLOCt 
BLOCK 
BLOCK 


MEOTAGE O.C. 


++ 


RJ 


Ol 


od 


‘ 


# HH HH tt FH 4) 


mw dO) P LI 


AeOTeR 
HEATER 
Beg reR 
Bea eER 
HEATER 
al= niles 
ROR TER 


HEATER 


HEATER 
HEATER 
HEATER 
HEATER 
HEATER 
HEATER 
HEATER 
HEATER 


VLOTS 


veo 


VEOTS 


VLOTS 


ViEGis 


VLOTS 


ViEOis 


VEGTS 


POWER 
POWER 
POWER 
POWER 
POWER 
POWER 
POWER 
POWER 


WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 


NM 6 Pd FI FI 82 — £3 


VEO TSeSe51735 


.@26180402435 
Pace 54 c47 oc 7 
-UgScssose0s 
.2@266026 1587 
U2E94119800 
sO02 foceeecers 
V2e2S30505 5 
.@@483079827 
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—~1 


AAAs 


4-44 


a4 


4-4 AHHH 


+44 


Run #9 


Spacing: No Wall 


Power: 0.2 watts 
Date: 18 November 1987 
BLOCK #1 
Coy eo Velts Ext. .0@87@266 Temp. DEG. C 17.8413079193 
Gel Wee Vol tsabee .@@06 9842 Tempo. DEG. C 7.735508202 
Gee -taas Volts Ee. . 0200720024 Temp. DEG. C 17.78@9250032 
G2. aes Volts O40. .8@07085 Temp. DEG. C 17.98699520151 
ae. ERIS Volts Occ. . 202072047 Temp. DEG. C 17.8922@3495!1 
C. £6 Volts 2c. .2@5982@01 Temp. DEG. C 1017235.622549 
BICCK 32 
Crean 7 VOdtswle Gs .02@07012@4 temo. DEG. C 17.8@@8871133 
Pe as: On temo aca .2@06 5642 Temp. DEG. C 17.§855948216 
Gan ee Volts We .@0@697@6 Temp. DEG. C 17.70156765!1 
GC 4s 10 V6rts, ©.C. .2@007275 Temp. DEG. C 17.964546@343 
Cae eta Yelis.0.€. . 80072043 Temo. DEG. C 17.88222453858 
Cee ez Uei ts Wate . 0082735297 Temp. DEG. C !8&.5969672571 
a BLOCK #3 
Ones sles Vette” Bee. .2@2@0780@65 Temp. DEG. C 17.79115S86S2 
Cae 4 Veurts- Oats .@@@69458 Temo. DEG. C 17.63596700E52 
Gao 15 Volts bee .@@06949E Temp. OEG. C 17.6491548749 
Cc. # 16 VGltseh 2G. . 200720667 Temp. DEG. C 17.94135476832 
Geel Uren ee Oia ee .802072820 1 Temp. DEG. C 17.8250@900914 
Ge oe sie Volts 07 ©. .9@073986 Temp. DEG. C 18.76858@7612 
BLOCK #4 
Che. 2-19 Vousie Oe .2@2@0720@392 Temp. DEG. C 18.0@44546288 
© teete ce Yerits O26 .@0@69264 Temp. DEG. C 17.59124478354 
Gan She Volts D.C .@@@69146 Temp. DEG. C 17.5617879137 
Ce to eZ WiOlets: lene 20078405 Temp. DEG. C 17.875987336 
Ona ee VJortsn Uae .O02@7@@15 Tempo. DEG. C 17.7786792154 
OE iter Velts b.G .2@0074014 Temp. DEG. C 18.775553632 
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BLOCK #5 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK #7 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOC 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


om Ea Ow ae ow al ow Ek ow El ow) 
NOMNNINdIYI YT 


Ovo0I 0 OO OO 
09° OO Ge 


Oooo no 


wd Ooo & 


O cio) G2 a © 


€} (20) ©€3 © @) 


.2006 9694 
.@@069151 
.@2@06919 

. 00070297 
. 20069891 
. 02075208 


.9684059 
. 0006877) 
.@2@068907 
. 2006984 
20069628 
. 220073087 


.2@906 9105 
-@@@68255 
.2@@@68519 
.@0@6 9585 
.@@@69528 
. 0007268 


. 28068326 
. 88058805 
.2@06 7934 
. 20069069 
. 22068316 
.00071856 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
here. 
Temp. 


Temp. 
Temp. 
Tema. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Pir et ReRnlURes —1Cr eee) TOM ) 


foc. + 25 

mo. 86 «625 

|. 0 RR eres 

fee, ¢ 28 

fee. «6 629 

ieee «3¢ 350 

ie. 6S 6S) 

me. «6 (Se 

|, (05 SR) 

fc. ¢ 354 

fee. 3 F 355 

ee, ft 36 

| CS ar 

mee. «6 «6358 

ieee. * 3 

T. C. st 40 

fee. $ 4} 

ee. 42 

[ece. +t 43 

T. C. # 44 

foe. «6 645 

fee. ¢ 46 

foe. t 47 

ic. + 48 

perio 0.C. -O@@064216 
meetis 0.C. - 90064005 
meeis D.C. -O@0@064024 


WSwlas “BSS ale 
REMP. GEG. ae 
Wicinies sSSie ss) 0: 
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DEG. 
GEG. 
BEG 
GEG. 
BEG. 
BEG. 


Peon 
OSS) ¢ 
DEG! 
BEG. 
DEG. 
HEC: 


SEG. 
BE Gr 
Deo. 
BEG: 
EG: 
DEG. 


BS ee 
BEG. 
BEG. 
DEG. 
DEG. 
GEG. 


G2 55205405 
2767154582 
eee 705264 


INOIMdDdAYI TG 


Ianaandn 


C) £a-O cy OE 


NOIdNONOd4G0 NY 


lev 
Nees 
ia 
17. 
mae 
18 


BaeS727848 
565035 1217 
Sva¢7205c. 
8490425884 
7477362124 


so V4 7351) te 


175187 .027844 


eye 
Ge 
va 
ee 


ee 


Be 


ee 
fie 
ne 


at 


ee 


ees 
rae 
rar 
Le 
Tee 


.4681655458 


S027 39015 
7350@9095 1 
BS 1@@6SE4 
5445495785 


foot ZSorss 

JEG Selene 
PoGesicsao 
-650902@0569 
seo re | aac 


44523565486 


352044500! 


-2/55649867 


2591294683 
542555113! 
53545417703 
EO oss oSS 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCH, 


INPUT 


BLOCK 


tJ 


(Ni 


WI 


6 a) 


alley af 3 


HEATER 


HEATER 


HEATER 


leon Sis 


HEATER 


HEATER 


Pe Ay ee 


VLOTS 


UEOTS 


VEGts 


VEOURS 


VEO 


VEOTS 


VLOTS 


VLOTS 


VEOTAGE 0. C.- VPORo 


t 


BLOCK" = 


BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 


+ H+ HH tH 4 


Ga 2) Gi i Sia) 


HEATER 
Bente R 
HEATER 
ala tats 
BEATER 
HEATER 
HEATER 
nia asia 


POWER 
POWER 
POWER 
POWER 
POWER 
POWER 
POWEP 
POWER 


WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 


1.471 es 


1.478895 


1.471588 


1.471441 


1.471044 


1.471286 


1.472845 


1.475069 


S254 


2043525 Es 
200582219111 
.2 0475563058 
.20480200568 
.-9@5035860495 
.2@4895@95056 
.204447096878 
. 20265758 seo 
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Run #10 


i AA aaa 


AHA aA AS 


HAHAHA SH 


Spacing: No Wall 
Power: 0.5 watts 
Date: 18 November 1987 
BLOCK #1 
i ££ | Vo lw 0.C:; .@@077196 Temp. DEG. C 19.5673282028 
oe $ 2 Voto oC. .@@075295 fempemoeo. © “19. 5452625 166 
«(Ut CS Volts 0.C. .@@07E598 Temp. DEG. C 19.4166255001 
oe s 4 Velts 0.C’. .@@078698 Temp. DEG. C 19.9406273544 
e ¢ 5S Volts 0. Ce .20@077882 Temp. DEG. C 19.7378562@0@65 
C. #6 Volts DG. 050293 Temp. DES. C 5@545.@271583 
BLOCK #2 
ro tt 7 enutsiec) cc .@007537 Teme. DEG. C 19.4862684249 
= ¢ 8 Veliten oe oC . .@@0757E femnogeeBece se (9,21 Si452674 
mo ¢ § Velie .C. 00075704 Temp. DEG. C 19.195823535771 
eo £ 12 Weoleeer.C. .@@07866 Temp. DEG. C 19.93:1186512 
oo sf 11 Wolewoub..C . .2@0077729 Temp. DEG. C 19.56948534915 
oF fm lc Volts). Cs .@@085097 Temp. OEG. C 2:1.5278245082 
BLOCK 
feet 1S Vie lsese pC e .@0076645 Temp. DEG. C 19.4203144645 
cee 14 Vole OG « 20075438 Temp. DEG. C 19.1424862234 
ee ¢ tS Woltcno.C. 80075439 Tempe OCG. C 19.13029272 
me & «1G Venets OC. 00078327 Temogmmeoeo. © 1926484473554 
2 a ie Voer sO aC . .@@0772¢e8 Temp. DEG. C 19.57@35117433 
fa ff {8 Vous —.C. @@O@86E13 Temp. DEG. C 21.9@03@09735446 
BLOCK #4 
oe t 19 Volts 0, Cc. OCC7714E Tempo. DEG. C 19.5548965891 
cet 7C Violet sai2 4.6. 800743973 Temp. DEG. C 193.@14314922 
eet 2 Voncts ae. G. . .0@074925 Temp. DEG. C 19.0@023671594 
Cet ce Ve bts 02 C 80077753 Temp. DEG. C 19.7@828070739 
cet 23 Wiens) ..C.: .@0@0@7684282 Temp. DEG. C 19.48@7976518 
wee Cf 4 Wot tsel «GC. .@@@8674e PSnpeeUese Gmc), Joo 50ld5g5 
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qT. C0 tees 
iG # 26 
V. (Cet ee 
fire e t 28 
Pens % 29 
Wa Cas ete 30 
Teer. ol 
fees ‘toce 
are h oo 
look: Cpe Sete 
Tee, ciess 
loc eee oo 
(fees cacy, 
T. C. # 38 
T. C. # 39 
lees Ne 
Toe 
oC ee tae 2 
bo Ce. seas 
T.-C. Steet 
To °G.- $7245 
Tet r ot 46 
Teaves.. cee 
T. C. # 48 
VOLTS D.C 

VOLES Gee 

VOLTS D.C 


BLOCK #5 


Volts 
Volts 
Volts 
Volts 
Volis 
Volts 


BLOCK #6 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


BLOCK 


Volts 
Volts 
Volts 
Volts 
Volts 
Volts 


ooo oo fo 
Od OO Gee 


a 1 J a Se 


BS eM) Se, 
C2 "G2 G2 iC G2 OD 


QC 2 Goa 


ae ae Se Sas > a G8 et 


.@0075665 
. 000748 1 

.20074975 
.@8077707 
.@0076375 
.20084926 


.O785567 

. 900759359 
.20074344 
.@2@076551 
.20075892 
.Q2084826 


.O@A7445¢ 
.20072862 
.O0A7SS5E 
.90075787 
20075462 
90055773 


.000735204 
.@0072529 
.00072065 
. 00075182 
. 0007334 

.@0@082326 


BATH TEMPERGTURES ( LOR MI GRE ieee 


TEMP . sO Serene 
TEMP . Eee 
TEMP - OBChmae 
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Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
temp. 


Teme. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


Temp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


DEGr 
DEG. 
DEGs 
Ee 
DEG: 
BEG. 


DEG. 
DEGe 


DES. 
BEE. 


= 


BEG. 
HEB. 
DES. 
bece 


HES. 
BEG. 
DPS 6) 
BEG. 
DEG, 
DEG. 


54879347639 
2624487793 
282a7 2072s 


gNIaNagM1AdAG 


YOO OOD 


Go) 02 G3 Oo) 6) C3 


(oO) OC). & © 


19.18652 96m 
18.97374 eee 
19.014812 7a 
19.59436 02 ee 
19.356315 Rages 
21.4854 768228 


3Q6107.842¢144 
18. 7S68760 7 
18.8577264645 
19.401 952028 

19.2430089049 
.1.4607 (GS ae 


12.8651143641 
18.48585883509 
16.55700141 38 
1S J16680 Seen 
19.1560 lea 


21.201@327i2e 


\6.573 7393S 
16.4056065405 
18.08989554836 
19.046423096 | 
1\@,.60767 32am 
2@.841141684 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 


t 1 HEATER VLOTS D.C. 2.318752 
# 2 HEATER VLOTS D.C. 2.330904 
t 3 HEATER VLOTS 0.C. 2.3193 

t 4 HEATER VLOTS D.C. 2.319161 
t S HEATER VLOTS D.C. 2.318535 
# 6 HEATER VLOTS D.C. 2.318915 
t 7 HEATER VLOTS 0.C. 2.320086 
# 8 HEATER VLOTS O.C. 2.324893 
VLOTAGE 0.C. VLOTS 7.762191 


t | 


BeERTER 


$—-2. HEATER 


3 


# +H H HOH + 
aon nmnin & 


BEER 
HEATER 
BEATER 
mee eR 
BEATER 
HEATER 


POWER 
POWER 
POWER 
POWER 
POWER 
POWEP 
POWER 
POWER 


WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 


poVE5| I0GGeee 
24975637 58s5 
.50841007885' 
wae sSs | 34% oS 
8912044547 
.508757655045 
650757561054 
.50319892017 


fil 


oe 


“4 


“<4 


of 


4A 


a | 


AHA HAH 


Run) qa 


Spacing: 
Power: 
Date: 

Cy ee 
Gi “ieee 
Cam ae oe 
Cae tee 
Cet cS 
Oe sae 
Ct a7 
Co Ges 
Cu -aeerg 
Cay oe 
C. Ii 
OnE 2 0 
Co cies 
Cee aed 
Gy tS 
Cat Le 
Cee er 
Co: 18 
See oa og 
C. #20 
oo Bee 
Ci goer 
G, Tears 
Cr Stace 


No Wall 
1.0 watt 


18 November 1987 


Volts 
Volts 


BiG Grae | 
Volts. O7C 
Viens Uae 
Velts OC 
Volts: De 
Vole 5 nome 
VOLS. Oe 

BLOCK #2 
Vol Sse 
Vests OC 
Votes (lc 
Von s “D2 
Velits DO 2€ 
Volts Oe 

BLOCK #2 
Ved sO 6. 
Vet cmc, 
Velvs.U.. 
Volts. Oe. 
Joats 1). &.. 
Viton Gagan DBP Gis 

BEOCH oF4 
Volts Oe 
Velts OC 
Volts De 
Volts Oa 

oe 
Ot 


.O0085827 
.@0084845 
.@0085c6 
-O0@8e8S77 
28856204 
SSCs 


.20084765 
20085154 
-B@@ES2OS 
O0O8S7L8E 
.200F6503 
O@1Bl rec 


.20085407 
.Q00082572 
.B0@85114 
.8@0088425 
.Q@@086732 
.20105492 


.O008E 162 
.80082E5? 
.@0082966 
.20087774 
. 00086488 
.20106429 


Wee 


Temp. 
Temp. 
Temp. 
Teme. 
Teme. 
Tems. 


-—{ -—4 ~-! —-41 —-1 
oa om 
3 
‘a 


—| 


Temp. 
Temp. 
Temp. 
Temp. 
Temo. 
Temp. 


Tamp. 
Temp. 
Temp. 
Temp. 
Temp. 
Temp. 


3 
DO 


im © 
es 
be oe 


Ce ee) ea 
mmm mm my wy 
y¥ Gy) 


ay 


DEGE 
DEG. 
DEG: 
GES. 
BEG. 
DEG. 


BEG. 
DEG 
BEG: 
BEG 
Bec: 
BEG 


G) G) WD 


Cy ©). ©) C27) 


fa46) GF ©) ©) 


C) 


a a Ga Is es ad | es a 


Ga fo9Go.C) Cc) C2 


i 
| 
come 


rae 


—_ tm © 


Aai)|, 


7085657sam 


~4649007746 


S68187sdaq 
4877101444 
SS50SS7oa— 


15541 . 32 


f3F3 13 


J 
) 


' 
t 


Ta | 


Co Leet 


c | 


Zoe 


c 


J 


ca 


aa lea 
bee tun @ 


J 


& 


[ ol 
25 


> = -_ -_ 


. 445602 35a8 
.04642357501 
.05907 149G2 
.8695102905 
.9501098884 


.5@452¢581! 
. 1500525r= 
.OSES1443515 
. JSG7ESGa 
952942578 
.5525420555 


.7914862808 


972803 Milas 


.3998260048 


190298041 


872 165s7a% 
.781535S0e= 


BLOCK #5 


fome. * 25 Votits Dec. .02084304 TemMceeeee. Cweet. 3414052578 
fe. ¢ 26 Vol tem Oe .00@082799 Temp. DEG. C 2@.9584242747 
(0 A ae Volts D.C. . 2008304 Temp. DEG. C 21.0181705619 
ieee. ¢ 28 Volts BG. . 09088298 Temp. DEG. C 22.3198664278 
ieee = t 29 Volts "D.C .@2@085725 Temp. DEG. C 21.68331552135 
imme. 8 «t 35Q Volts D.C. . 020103041 lenceOece Ce se onsol2orgcao 
BLOCK #6 
0 ae Vorts B.c. .0737426 jeneeebece GC. 257555. 750507 
| (0 SE eps Vouts Da. .290081289 letemeeeo. ©) ce eocosh42c55 
fee. ££ 33 Velrs B.C . .0008208 LenemeWee. Oo 2u,7e0loaovl id 
fee. )6|6Ct «(634 Vode, sb. C. 208862 Temp. DEG. C 21.28008913015 
jo. «6 hC5 Viento, ©. . 80085023 Teno. Dee. © cl SOS49g¢Ss4 
feec. ¢ 36 Volts D.C .2@0105188 Nema @Gee.) © 25,55 7529855) 
BLOCK #7 
fee. it 37 Vorrs 0. C. 9808204 eMommbooe Cure O. (02) 2sa74 
iC. mi 38 Volts. B.C. . 006794 Temp. DEG. C 20.115@014507 
fee. 8 39 Vetuss b. C. .2@2@080767 ems .Oeo. Greco ns oc oelzZg’sS 
fc. «6 «40 Vouts: O/C. .C00E5163 Temp. DEG. C 21.5441682476 
10 5 sr Viele 4b. C: 000283949 HieMen ee eo. © owe 72454550543 
meee)6|6C6t C42 Volts 0 .C. .00101108 Temp. DEG. C 25.47668Q681 1 
BLOCK #8 
I a es Vionwst Ss) .6 .20080272 tiemp. BEG. C 20.3315) 65664 
ae Velts DrC. .00079128 Temp. DEG. C 2@.04744504) 
feo. «€6t «C645 Voltce bac. .0@@78119 Tempo. DEG. C 19.7967593318 
fee. «6t «646 Vols Dec. .002084109 Temp. DEG. C 21.2835098335 
ee. )6t (C47 Vests Disec .@@@8eSg95s Temp. Dec. C- 2024) 169244)] 
ime. tt 48 Wiel tcuG Ge. .00098949 Temp. DEG. C 24.946Q669766 
BATH TEMPERATURES (TOP TO BOTTOM) 
meeis 0.C. .00064279 TEMP. DEG. C 16.3452899257 
VOLTS D.C. . 00064041 Henle s WS Sy 1 a se Asiy/ esivess ls 
mee7s O.C. .20064007 fee PeoeweG es loe27rclouvoe 


WS 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


BLOCK 


INPUT 


BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 
BLOCK 


+ 4 ¢¢ 42 OH 


VEOTMeGe De. 


& 
= 
— 


Oo) 


(D 


J) fr) — 


onwnnm -, 


HEATER 
HEATER 
HEATER 
HEATER 
HEATER 
HEATER 
HEATER 


HeAtek 


HEE ER 
FeG@ler 
Bee eR 
Pee ver 
HEATER 
igieinilaa 
HEATER 
HEATER 


vegies 


VEGis 


Vieats 


VEGI sS 


VEGIS 


VECTS 


VECTS 


VLOTS 


POWER 
POWER 
POWER 
POWER 
POWER 
POWER 
POWER 
POWER 


VEOTS 


WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 
WATTS 


Ol 


OJ 


28433 


so0los 


Pe oalel 


-2e5d2 


LU} 


1.@2054864079 


Same 0 


.99756804 


l 
| 
l 


.91952250446 
.01964095554 
-O206S5565 144 
| 02021521655 
.01807436535 
.2@0904268715 
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AAHAHaH 


AAA HAH HAHAHA aH 


4HAAHaH a4 


Run #12 


Spacing: No Wall 


Power: 2.0 watts 
Date: 18 November 1987 
BLOCK #1 
C5 Vor sO se .2@0@100764 Memes Oeo. © 25,5921753126 
Oo, ee Vols. 0 .G .00@099476 Temp. DEG. C 25.0756404799 
fo tt 3 Vols 0 .C .O2@1@G1765 VememDes. C 2552476955565 
oe t 4 Veuve 0 .C .@0104886 Temp. OEG. € 26.4957952168 
ee Ss Volts D.C POONOr2 75 Temp. OEG. C 25.76325@3868 
oe * & Volts D.C .@@58062 1 Temp. DEG. C 1354.573569863 
BLOCK “42 
a ht «67 Volts 0.C .O@2039E672 Temo. OES. C 24.8779470882 
ot 8 Volts 0, © . 80095131 Memes Clo. oc 6.25261 70225 
C. #9 Veomte uC .9@09554 Tempo. DEG. C 24.10705s5044 
oe st «612 Volos 0.6 .@0102835 Nemen, UES. © 2559014405504 
cee ot (1) Vommoe Ol © .00102372 emer Oca, © £54057 eU osu 
com + te Volts O.C -0915257 Temo. DEG. C 33.2161121574 
BLOCK #3 
oe te 13 VUoktseo .@02976@5 Temp. DES. C 24.6154637¢82)} 
ot (C14 Volts DG .2009436 1 Tempo. DES. C 22.935357727576 
ee ¢ 15 Volts D.C .20094154 Wemere OES. € 2227655272125 
oe ¢ 16 Vent see .e .2@010294) Temp. DEG. C 25.926718Q@96 
foe te («17 Volts D.C .@@2@98165 Temp. DEG. C 24.7532407604 
ce t 18 Vielms D.C .Q@13812 Tempo. DEG. C 34.48354677346 
BLOCK #4 
ce #¢ 19 Volts 0eG. .00097152 Tempo. DEG. C 24.5042241058 
te t 20 Voli s Uc. .202935507 Temp. DEG. C 235.6060143493 
et 2 Volts wOmee . 00093541 (hevemrleo. © e25.514o960907 
feet 22 Voweinse0 0. .90098113 Temp. DEG. C 24.740448554 
feet 23 Vorets 2b... .@0@099116 Temp. DEG. C 24.98713102@5 
feet 24 Volts O.C. .@0!138586 Temp. DEG. C 34.59582143938 


f=. 


BLOCK #5 


tlw CO. “tae JVelts Dae. .90@097727 Temp. DEG. 
To Gaee owe Veit. Gac- .@0096117 Temp. DEG. 
Tn oy cee Volts “O36. .8@0095846 Temp. DEG. 
ig Gee « See Volts cbse. .@2@104858 Temp. DEG. 
icy CG aa eee Vel tsaioae 80101464 Temp. DEG. 
TG.) ted Volts Dae. 00) 3505 Temp. DEG. 
BLOCK 
eG ee Sl Velts ORG. .@184661 Tempo. DEG. 
i 0 ye JV6ltso0 ce .@00935562 Temp. DEG. 
ih, (Gees E'S) Vol Gag ve .8@0095292 Temp. DEG. 
Ps OR eee VOultsm 0.6 00102525 Temp. DEG. 
Tee 2s oS Velie? i.e. .00100942 Temp. DES. 
Tt. C2 9s 656 Veits 0.ex 80136926 Temp. DEG. 
SPOCK #7 
leone Se Jets 0 -€ ; .80095197 Teme. DEG. 
lence. 7358 Vel es. DoCe .829905354 Teme. OEG. 
Ts °C. #393 Viele 6. 20093074 Temp. DEG. 
Te Oo. steae Vous. Oe, O@1016@8 Temo. OEG. 
ee ee a, Velve Ove. . 0009884 Temp. DEG. 
ie et 2a edie Volts. Dwe. .@20@13530S2 Temo. DEG. 
BLOCK #8 
(BP Ome ies Vo bes -OC. .00092359 Temp. DEG. 
1, Cy “faa eds. Os . 00090358 Tempo. OEG. 
Te Ga ees Vets OC .8@088635 Temp. DEG. 
fe cet a Volts Dist. .@0120@126 Temp. DEG. 
eect Verte. 8c. .8080935101 Temp. DEG. 
1a Gee as: Joris (OG. .@812997 Temp. DES. 
BATH TEMPERATURES (TOP TO BOTTOM) 
yO PS DAC .0006428 TEMP. DEG. C 16.34554018@2 
VO Ss OMG. .@0064058 TEMP. DEG. C 16.2899805997 
VGETS B.C. .00064043 TEMP. DEG. C 16.2862263502 
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0 OQ OO Oa 


M0 © © OG) © 


ee Ya Gat Ge TR er Fa Go a Ge 


Lm? Jet G9 Sy Gay Tae GP J ap Ta, 8 


24. 
24. 
Ean 
Zon 


— 
= 


6454804705 
2491694442 
18242935543 
3969351538 


.5641185855 
oon 


92697 7a 


104.754864354 


ge 
bag Cons 
i = 
am 
= wi 


5 
a 


Be S 


(WJ M2 ty ho nM ft 
r2 Of U1 fl ¢ 


| 
mS) 
Le, 
Kgs 
pis; 
34 


.61 9576235 
. S96690S2e— 


824618581 


455903 7eee8 
. 1955450547 


. 02256 05irs 
81 L370 eee 
4990352258 

.5994815606 
24. 


2192S Serre 


4065520005 


322854908 
.828590478a8 
.403517 75m 
.23554082889 
.59058914404 
.5146055682 


mmeck + 1 HEATER VLOTS O.C. 4.64237 
BLOCK # 2 HEATER VLOTS O.C. 4.66686 
BLOCK # 3 HEATER VLOTS 0.C. 4.64344 
BLOCK # 4 HEATER VLOTS 0.C. 4.64304 
BLOCK # § HEATER VEOTS O70. 54.64245 


mmec, *£ & HEATER VLOTS D.C. 4.64255 


~J 


BLOCK # Hepler VEOTS 0.€. 4.544753 


emoen * 8 HEATER VLOTS D.C. 4.65456 


MememeeCLOTAGE 0.C. VLOTS 5.52795 


BLOCK # 1 HEATER POWER WATTS 2.03524258644 
eeoer. # 2 HEATER FOWER WATTS 1.98939924624 
Beem 5 HEATER POWER WATTS 2.03525205683 
BLOCK # 4 HEATER POWER WATTS 2.03399630@2 

geen * S HEATER POWER WATTS 2.0350957995 

BLOCK # 6 HEATER POWER WATTS 2.@5494500624 
meee # 7 HEATER POWER WATTS 2.@5085070822 
Seen + S HEATER POWER WATTS 2.01249809822 
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APPENDIX D 


SOFTWARE 


TEMPERATURE MEASUREMENT ACOUDSTeNS eR Oeknm 


10 REAL Volts(6Q) 

20 REAL Temo(59) 

42 PRINT “ SHeOIOCK eo 
52 PRINT " * 

=a OUTPUT (7@3:°CONFMEAS BCYV 100 USeece 

oo fe ENTER. 70935Volts (50) 

6@ GUTPUT 709;"CONFMEAS OCV ,10@-105 USE Q" 
70 FOR T=@ TO 5 

8Q ENTERS 7O0S.VUeltsC) > 


30 Tempo( I )=.@006797+(25825.1:3528*V¥elts (I) -(60772S. 2467*(Volts( [ieVolts(1)) <0) 
21952034 .3564*(Volts(!])*3) +1 2570810395. 1674+ Volts ee 

1Q@Q PRINT "“T. C. @*;31+1," Voits 0.C. “;Volts(1),°femp. BEG. CU) ape 

11@ NEXT I 

120 PRINT “ ™ 

13 PRINT " SOC ete 

142 PRINT " 

15 GUTPUT 7039; “CONPMESS DCU 106—-ii sec. 


16@ FOR f=6 10 1) 
172 ENTER 72s; Volts. 1) 


180) = Temp¢ I )=.@006797+(25825.1328*Velts( 1) )-( 607789. 246 7*( Vol tstl )*Vol pais ie 
21552054.5264+( Volts (1 )"S5))+( 2s7081OSSS ols t4e( Verte ae 

19@ PRINT "T. C. #"sI+!," Volts 0.C. “sVoltse( 1), fame. OE 0 ee 

200 NEXT ] 

210 PRINT 

a PRINT © BUCCR = +5 

230 PRINT 


240 OUTPUT 709; CONENEAS BCU 11241) suo aae 
252 POR Laie 70017 

260 ENTER =70g5Voltce( 1) | 
a ?Q Temp( I )=.0006797+( 25825. 1328*Volts(I) -(607789.2467#(Volts(I )*Voltst i) ee 
21952034.35564«(Volts(1)°3) )+( 6370810996 21874* (Volto 


280 PRINT “T. C. #";3I+1," Volts 0.C. “sVolts(I),"Temp. OEG. C "y Tenieie 
290 NEX? 1 

308 PRINT “ 

312 ine BLOCK #4" 

320 PRINT.” 


330 OUTPUT 709; "CONFMEAS DCV 118-119 USE Q” 

34 FOR 1=i18 10 13 

350 ENTER 70S; Volt si 1) 

36@ Temo( I )=.0006797+( 25825.1328*#Volts (I) )-(607789.2467#(Volts(I )#*Volts(I)) d-¢ 
21952034 .3364*(Volts(1)°3))+( 8370810995. 18674"( Volts. fae 

37@ PRINT "T. CC. #"sIt+!," Volts 0.C. “sVolts(1) Tema. DEG eee 
380 NEXT ] 
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39 
400 
412 
422 


PUpeul 709; CONFMEAS OCV 200-205 ,USE Q" 

FOR I=2@ TO 23 

ENTER 709;Volts(1) 

femme =. O00G797+( 25825. 1S28*Volts(1))-(607789.2467*(Volts( i beVolts( I)? )-< 


2034 .3564+(Volts( I )*3))+(8370810996.1874+(Volts¢1)*4)) 


432 
442 
452 
460 
479 
482 
490 
520 
51@ 


Sow tees te sitet. Volts 0.€. “s;Volts(I),“Temo. DEG. C “stemot!]) 
NEXT I 

PRINT “ “ 

PRONT ~ BLOCK #5” 

PRINT “ “ 

OUTPUT 709;"“CONFMEAS OCV ,204-209 ,USE 0” 

FOR I=24 TO 29 

ENTER 709:Volts(1) 

Tempa( 1 )=.@006797+( 25825.1328*Volts( I) )-(607789.2467+( Volts ([)#Volts( I} ) i-% 


Op 054. 5564+*(Volts(1)°S))+(8370810996.1874«(Volts(I)"4)) 


520 
530 
540 
550 
500 
57Q 
58@ 
59@ 
600 


meme. ec, e yirtt. Volts OC. “;Volts( 1?) seme. DEG. C “sTtemoil) 
NEXT I 

So) 

SRN BLOCKS ta 

PRINT ' 


OUTPUT 709;"“CONFMEAS DCY 210-215 ,USE 2” 

BOR 1=50 10 35 

eiijerR 7O9;Volts( 1) 

jemo | =, 0005 737+( 252825.1329*Volts(1))-(607789.2467*( Volts ( Il evolts( 1) ) 3-¢ 


pe 54. 55564+(Volts(1)"°3))+(83 70810996. 1874+(Volts(])*4)) 


610 
620 
630 
65420 
650 
660 
67 
680 
630 
780 
710 


memeine T. ©. "sI+t - Volts 0.C. “:Volts(1>,"Temp. DEG. C *:Tempirt) 
NEXT I. 

FOR J=1 TO 14 

PRINT “ “ 

NEXT J 

PRINT ° BLOCK #7" 

PRINT " 

OUTPUT 709;"CONFMEAS OCV ,216-219,USE Q” 

FOR I=36 TO 39 

eer (OS;Volts(] ) 

Temp( I )=.0006797+(25825.1328*Volts(1))-(607789.2467#(Volts(I)*Volts(1)) )-( 


21952034.3364*(Volts(1I)°3) )+(8570810996.1874*#(Volts(1I)"4)) 


722 
730 
740 
752 
76 
77Q 


Soa i. ©. © sit! Volts D.€. “sVolts(I),*femp. OEG. C “:Temoa(l) 
NEXT I 

Pere UT 709; CONFMEAS OCYV ,500-301 ,USE Q" 

FOR I=4@ TO 41 

euteR 709:Volts(1) 

Temp (I )=.0006797+( 25825. 1328*Volts(I) )-(€607789.2467*( Volts (lr *Volts(i)) 3-¢ 


Bebe 054. 5564*(Volts(1)*3))+(8370810995.1874*(Volts(I)°4)) 


788 
79 


meee 1. CC. f° 31+),~ Volts D.C. “sVolts(l)."“femp. DEG. C “sTemp(I) 
NEXT I 


719 


8Q@ is UNE 5 | 
81@ PRING |= BLOCK #8“ 

820 PRINT = 9 = 

830 OUTPUT 709; "°CONFMEAS DCU 302-307 ste aace 

842 FOR ]=42 TO 47 

852 ENTER 709 .Voltsch> 

862 Temo( I )=.@006797+¢( 25825. 13528#Volts( I) )-(607789.2467*#(Volts( 1 )*Volts OG) mm 
2$952034.33644(Volts(1)°35))+(8370810996.1874*(Volts(1)*4)) ) 
87@ PRINT "T. C. &"sI+1," Volts 0.C. "sVelts(1),"Temp. DEG. Cele 

B82 NEXT I 


89@ PRIN 
oO ARR ENT 

114@ PRINT “ BATH TEMPERATURES (TOF (0 eG airs 

115@ PRINT 


1168 OUTPUT 7209; “CONEMEAS OCU 317-3) S40 seu | 

Loe. TORS =s777 0S 

1180 ENTES 70OS2VoGl1s* 1) 

113 Tema f=. 8Q0G797+( 25825. 1 329+volrs(1)3-i 607788. 2467%: Volts( | +g 
ae 


1200 PRINT “VOLTS 0.C. “sVoltst1? “TEMP. Gest te nee ; 


121@ NEXT I 
1228 ENO 
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SINGLE THERMOCOQUPLE TEMPERATURE VARIATION PROGRAM 


1Y REAL Volts(101) 

2@ REAL Temp(1@1) 

3@ PRINTER [S 1 

4 PRINT “ INPUT THE NUMBER OF CONSECUTIVE READINGS YOU WANT. “ 

52 PRINT “ “ 

6Q@ PRINT “ THIS PROGRAM WILL READ ONLY THE THERMOCOUPLE SHOWN IN THE" 
72 PRINT “ SOURCE CODE. IF YOU WISH TO WORK WITH A DIFFERENT ONE YOU “ 
8Q@ PRINT “ MUST ENTER THAT T.C. ON THE CONFMEAS LINE OF THE CODE!!!" 
32 INPUT N 

12Q@ Sent ° 

11@ ReINyT ” 

12@ PRINT “ INPUT THE NUMBER OF THE T.C. YOU WANT TO MEASURE. “ 

13@ INPUT M 

| a PRINTER IS 7@! 

142 Pree rescence IN CONSEGUT IVE READINGS FOR THERMOGOUPLE & “:M 
15@ PRINT 

16@ PRINT “ 

172 FOR 1=5@ TO N+5@ 

18Q Ooneut 769; CONPMEAS OCV 115. USE oO” 

19@ Sher 7O9;Volt¢s( 1) 

2Q@ Temp( I )=.0@06797+( 25825.1328*Volts( I) )-(607789 .2467#( Volts( ld *Volts(I)) )-¢ 
21952034 .353648(Volts(1I)*3) )+( 8570810996 .18744(Volts(1)%4)) 


Pe mo VOLTS OC. “sVolts( 1) “TEMP: DEG. C “;Tempc!> 


220 NEXT I 

23@ Evolts=Q. 

240 Etemp=0. 

eau FOR J=S@ TO N+S@ 

260 Evolts=EvoltstVolts(J) 

2/Q@ Etemp=Etemptiemp( J) 

28Q@ NEXT J 

29@ Avolts=Evolts/ (Nt ) 

3Q@ Atemp=Etemp/(N+1 ? 

31@ PRINT “ * 

320 PRINT “AVERAGE VGLTAGE 0O.C. [5S “sAvolts 
33@ eRiINT ” ™ 

54Q PRINT “AVERAGE TEMPERATURE DEG. C IS “;Atemp 
35@ PRINTER IS } 

360 ENO 
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HEATER VOLTAGE ACQUISITION AND POWER CALCULATION PROGRAM 


12 
9208 
932 
942 
S50 
960 
g70 
38Q 
990 
10@@ 
181@ 
1Q@20 
1Q3@ 
1042 
1058 
1@60 
1070 
1082 
109@ 
110@ 
111@ 
1120 
1228 


REAL Volts(59) 

OUTPUT 709; *CONFMEAS BEV 208-315 s0scaue 
FOR [=48 TQ $5 

ENTER 709;Volts(1) 

PRINT “ ° 

PRINT “BLOCK #";1-47 “HEATER VLOIS B7C. sVol psa 
NEXT I 

PRINT “ “ 

PRINT “ 

min uN ia 

OUTPUT 7093 CONFEMNEAS Beye sieeesenc 

ENTER (GS 3Voltsys5> 

Paint. 

PRINT 

PRINT “INPUT VLOTAGE B.C. VEOTS: j vet es ese 
PRInG © 

Paint 

Resist=2.@2 

FOR [#48 TO S5 
Pow=((Volts(55)-Volts(I))/Resist)*Voltsi(]) 
PRINT "“SLOCK #°31-47 “HEATER POWER ® Waits eon 
NEXT JI 
END 
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SENGLE THERMOCOUPLE TEMPERATURE VARIATION PROGRAM 


1¥ REAL Volts(1@1) 

20 REAL Temp(1@1) 

3@ ERINieER 1S) 

4 PRINT “ INPUT THE NUMBER OF CONSECUTIVE READINGS YOU WANT. “ 

52 PRINT “ * 

6 PRINT “ THIS PROGRAM WILL READ ONLY THE THERMOCOUPLE SHOWN IN THE“ 
72 PRINT “ SOURCE CODE. IF YOU WISH TO WORK WITH A DIFFERENT ONE YOU “ 
8 PRINT “ MUST ENTER THAT T.C. ON THE CONFMEAS LINE OF THE COOE!!!“ 
920 INPUT N 

182 PRINT “ “ 

11 PRINT " " 

122 PRINT “ INPUT THE NUMBER OF THE T.C. YOU WANT TO MEASURE. “ 

13 INPUT M 

13) PRINTER IS 701 

142 PRINT “ THESE ARE “3N,"CONSECUTIVE READINGS FOR THERMOCOUPLE = “;M 
150 PRINT 

162 PRINT “ 

172 FOR J=5@ TO N+S0 

18 OUTPUT 709;"“CONFMEAS OCV ,115,USE Q” 

192 Ser ?O9=Volis(1> 

222 Temp( I )=.0006797+( 25825. 1328*Volts( I) )-(€607789.2467#*(Volts(I)#Volts¢( 1) ) =< 
ps5 2034 .32644(Volts(!1)*3))+(8370810996.18744(Volts(1)"4)) 


* 212 eet VOeTS ©.C,  3;Vottst 1). “TEMP. DEG. C “;Tempt1> 


Ze NEXT I 

230 Evolts=0. 

240 Etemp=0. 

250 FOR J=S@ TO N+5@ 

26@ Evolts=Evoltst+Volts(J) 

270 Etemp=Etemp+temp( J) 

282 NEXT J 

230 Avolts=Evolts/( Nt} ) 

390 Atemp=Etemp/(N+} ) 

31 PRINT ” “ 

320 Peat AVERAGE VOLTAGE D.C. IS “;Avolts 
330 Ut on 

340 PRINT “AVERAGE TEMPERATURE DEG. C IS “sAtemp 
350 Beant eR [S } 

360 END 
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HEATER VOLTAGE ACQUISION AND POWER CALCULATION PROGRAM 


12 
926 
Soo 
942 
950 
960 
970 
38 
990 
19Q@ 
181@ 
1829 
1830 
1242 
1852 
1262 
1072 
1@8@ 
1092 
11@@ 
111@ 
1120 
122@ 


REAL Volts(S9) 

OUTPUT 7039; CONFMEAS BOCV 303-2) esos 
FOR 1=48 TO 55 

ENTER 7053 Voursc 7) 

PRINT 

PRINT “BLOCK #";1-47 “HEATER VLOTS D.C.” sValtacre 
NEXT I 

PRINT “ " 

PRINT “ 

PRINT ° 

OUTPUT 7693: CONFENEAS 9BGY 4 76-Uscece 

ENTER 709: Velcs(ss? 

PRINT “ “ 

PRINT “ 

PRINT “INPUT VLOTAGE U.C. VESTS = 305 oer 
PRINT * “ 

PR 

Resist=2.@2 

FOR [#48 TO S5 
Pow=((Volts(S6)-Volts(1))/Resist)*Velts(1) 
PRINT “BLOCK "31-47 “HEATER POWER Weis eau 
NEXT I 
ENO 
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PST SST SSSSSSSCSSS SESS SESS SS SESS SESS SSS ESET TSS SS 
x x 
* DATA REDUCING PROGRAM WRITTEN IN FORTRAN : 
x 

Pe SSCS SESS SSS SS SS SSS SST SSS SSS SSS SS SSS SST S SSS FS 


DOUBLE PRECISION T(48),TT(48),Q¢€8),QCONV(8),GR(8),TTTC8),ATC8) 
DOUBLE PRECISION TINF,KH20,BETA,NU, DXPG, DXR,KPG,KR,A,G,R1,R2,LEN 
DOUBLE PRECISION POWER,SPACE 

CHARACTER NAMEX8, FNAME*8, EPNAMEX8,GRNAMEX8 

INTEGER RUN 


DXPG = 0.006731D0 


DXR = 0.003175D0 
KPG = 0.1421D0 
KR =°0.0389D0 

A = 0.0001838D0 

G = 9.81D0 


LEN = 0.007874D0 


Rl = DXPG/CKPGXA) 
= DXR/CKRXA)D 


PRINT¥,*INPUT RUN #, INTEGER ONLY’ 

READX,RUN 

PRINT®,*INPUF POWER VALUE IN WATTS' 

READX, POWER 

PRINTX, "INPUT SPACING IN MM! 

READX, SPACE 

PRINT, ‘INPUT TEMPERATURE o INFINITY, DEG. C’ 
READ, TINF 

PRINTX, "INPUT THE THERMAL CONDUCTIVITY OF H2O, K* 
READX,KH2O0 

PRINT, * INPUT THE EXPANSION COEFFICIENT, B' 
READX, BETA 

PRINT¥, INPUT THE VISCOSITY, NU' 

READX, NU 


St. ¢. +2, +,,%,2,5,%,2,5,%,5,2,%,5,%,%,5,5,%,5,4,4,5, 5,5) 


* READ IN TEMPERATURE DATA x 
IEE 3 HEHE HEHE HE IE DE DE HE HE HE HE HE HE HE EE DE DE IE IE HEE HE EE 


PRINTX,* INPUT THE NAME CORRESPONDING TO THE FILE TYPE OF DATA.’ 
READ (€5,'CA)') NAME 

REWIND 9 

OPEN CUNIT=9, FILE=NAME) 


DO 100 I=1,48,1 
READ(9,*) TCI) 
100 CONTINUE 


St tt, 222, 2,%,5,%,4,2,4,5,5,2,5,5, 5,4, 5,5): 


eeeeeeLCCULATE 7 - TINF x 
PESSSESSE SESS SESS E SS SS SS 


DO 200 I[=1,48,]1 
BiCl) = PClL=TINe 
200 CONTINUE 


FE HEHEHE HEHE HE HK HK HEHE HE HE IE TE IE TE HE DE HE HE HE EE IE HE HE EE IE HE DE IE DE EE EE HEE EE HE EE HE EE EE EE EEX 


* CALCULATE CONDUCTION LOSSES THROUGH THE TEST SURFACE x 
PES SPE SSS LSS SESS SSSSS SSS SESS SSS SSS SESS SSS CSE SESS SSE TESTES SY 


L=6 
DO 300 I=1,8,1 
QCI) = TTCLI*C1. O07 CR1+R2)) 
L=L+6 
300 CONTINUE 
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H HIE H HH HK HK HK HK HEH HH HEHE KKK HK KKH HH KKK KK KKK 


* CALCULATE CONVECTED HEAT FLUX Xx 
PESTS SSSLS SSS SSS SSS SST ESS SSS SESS SSS 


DO 400 I=1,8,1 
QCONVCI) = POWER - Q(T) 
400 CONTINUE 


HK HH HK HK HK HEH HK HH HEH HH HK KH KH HHH KKK HHH HH KKK KKK KKER 


* CALCULATE AVERAGE SURFACE TEMPERATURES x 
PS SS SSS SESS SSCS SS SESS SES SS SSS SSE SESE SES ESS SS: 


J=l1 

DO 105 I=1,8,1 
ATCIDESCTCJIFT CFT FTC S42) +1 (Sts) Fi C3447 ae 
J = Jt6 


105 CONTINUE 


HH KH HK KH HK HK HK HHH HH HHH KK KH HHH KH KKH KH KRKRKKKKKKK 


* CALCULATE NONDIMENSIONAL TEMPERATURE X 
FESS SE SESS SSS SSS SSS SSS S SS SSS SSS SSCS SS SST SS 


DON205) U=lpepel 
TTTCID=CATCI)-TINF)/( CQCONV(I) XLEN)/(AXKH20) ) 
205 CONTINUE 


HH HH HHH HK HH HK HK KH KKH HK HK HK KKK KKK KHER HKKEKK 


* CALCULATE MODIFIED GRASHOF NUMBER xX 
PE SS SESESESSSSS SSS SSS ESS SSS TSS eee e STS Ss: 


DO SsU0RT=17 eo 1 
GRCI)D = CCGRHBETAXCQCONVCI)ZA) DXCLENXS ) 7 CKH2Z0XC NUXX2 ) ) 
500 CONTINUE 


HK HK KKH KH HHH KH HH HH KH HK HK KKK KK RK KKK 


* GENERATE OUTPUT DATA FILES X 
Pe SSSSSSSS SESS ES SESE SESE SSS ESS Ss 


PRINTX,*INPUT THE FILETYPE FOR THE OUDEU I hie 
READ (5,'°C€A)') FNAME 

REWIND 11 

OPEN CUNIT=11, FILE=FNAME) 


WRITE €11,1100) RUN, POWER, SPACE, TINF,KH20,BETA,NU 
1100 FORMATC1X, ‘RUN NUMBER',2X,12,7, 

Cix, "POWER TH WATIS*; 2565 5,7. 

CIX, 'SEACING TN OMM 3) cx, no -on7 s 

C1X, AMBIENT TEMP2 DEG. €*, 2%, 56 son, 

CiX, ' THERMAL -CONDUCTIVITY SOR VH2C 2X5 las 

Cix, ‘EXPANSION COEFFICIENT, 38 °72x, Gli ss 77, 

C1X, *VISCOSITY,NU*,2X,E11.5,7) 


WRITE (11,1101) 
1101 FORMAT(1X,/1X,71X, "BLOCK #°,3X, 'QCOND',5X, 'QCONV',5X, 'GRASHOF #',4 
CX5 “HON-DIMEN.. TEMP. (3 


DO 600 J=1,8,1 
WRITE €11,1102) J,QCJ),QCONVCJ)I,GROJI,TTT CI) 
600 CONTINUE 


1102 FORMATC1X,3X,12,5X,F5.3,5X%,F5.35, 5%, Bo Gree 
WRITEC11,1103) 


1103 FORMATC1X,/7,1X,7,1X,7,5X,' BF", GX, *TF',6X, TR’, 6%, "TL * 5 6X, "i pee 
CTB',6X,'TH") 


K = 1 

DO 601 N=1,8,1 
WRITECLI,129N,TTCK),TTCKF+1), TT CK+2),TTCK+3), TT CK49), TT CK+5) 
K = K+6 
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601 


1104 


700 
2 


800 
1300 


Cox TF 
Cl TR 
CGX,'TL 
ex, 11 
C6X,'TB 
ClxX,'TH 


CONTINUE 


WRITEC11,1104) 

FORMAT(C1X,7,1X,7,1X,'B# = BLOCK NUMBER’, 
ERG VeEMn. a4e 

ReGH.! heme.” 

PERT TEMP 2°57, 

TORS Tein." 

BOGVOM TEMP. » 

fewer TEMPS 

Bonin,  ENtomelinc FICETYRE FOR EASYFLOT DATA FILE.* 
READ (€5,°CA)') EPNAME 

REWIND 12 

OPEN CUNIT=12, FILE =EPNAME) 


K=1 


DO 700 M=1,8,1 

Bene aires ONS Sie 2 WLR Sag Ree? 
=K+ 

CONTINUE 


FORMAT (€4¢X,12,2X,F6.3,2X,F6.3,2X,F6.3,2X,F6.3,2X,F6.3,2X,F6.3) 


Phe Nn <o Gor THE FILETYPE FOR GR¥: EASYPLOT. 
READC5,*CA)') GRNAME 
REWIND 15 
OPENCUNIT=15, FILE=GRNAME) 
DO 800 M=1,8,1 
WRITEC15,1300) TTTCM),GRCM) 
CONTINUE 
FORMAT(C3X,F6.3,2X,E10.3) 


SCF 
END 
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RUN NUMBER 


1h 


POWER IN WATTS 
SPACING SIN Mi 


AMBIENT TEMP. 
THERMAL CONDUCEIVIFTyY CE on2d¢ 


APPENDIX E 


TABULAR RESOLTS 


0.200 
Co .6 00 
DEG. C (162450 


0.60038E+00 


EXPANSION COEFFICIENT, BS O-1s99qe- ts 

VISCOSITY NU “0. 1045Se-05 

BLOCK # QCOND QCONV GRASHOF # NON=DEMEN. TEMEE 
1 0.003 Gale 0.114E+05 Oslce 
Z 0.003 0.197 Ee 210105) 0.104 
3 0.005 O97 OS sb GT rue 
4 0.004 0.196 0.114r£+05 0.098 
5 0.003 Oe 97 OO; 114esus C2092 
6 0.003 OS 7. OO, 1TSEs0s 0.088 
7 0.003 Ola? 0.114E+05 0.074 
8 0.003 else ay GO. TTSE205 0.068 
BF DIF DTR DEE DIT DTB DTH 
1 1.560 Toa 12510 16.50 1.570. \Seeee 
Z 1.450 Leoau 12590 leo50 1.485 2.200 
5 Loo 1.200 Teceu ie laDou 2.400 
4 Loo 0 1200 12190 15010 1.400 2.420 
5 1.240 To 0 1.170 1.460 1.3590 2.160 
6) Paeeee 1.1130 In 50 17300 oo 2.080 
7 0.960 0.840 07.390 72 ld 2.030 
8 Peodo 0.800 0.790 Wash 410) 0.940 Par od 

B# = BLOCK NUMBER DEF =< .F =o ih 

DIR = TRo> BENE DEL = Th *="FInk 

Dile=stt = TiNe DPE “= TBSSe rite 

Dt = Tha ENE 
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RUN NUMBER 


POWER IN WATTS 0.500 
SPACING IN MM. 73.810 
AMBIENT TEMP. DEG. C 18.320 
THERMAL CONDUCTIVITY OF H20 0.60035E+00 
EXPANSION COEFFICIENT,B 0.18970E-03 
VISCOSITY,NU 0.10660E-05 
BLOCK # QCOND QCONV GRASHOF ¢ 
1 0.007 0.493 0.285E+05 
2 0.008 0.492 0.285E+05 
3 0.008 0.492 0.285E+05 
4 0.008 0.492 0.285E+05 
5 0.008 0.492 0.285E+05 
6 0.007 0.493 0.285E+05 
7 0.007 0.493 0.286E+05 
8 0.006 0.494 0.286E+05 
B&  DTF DTR DTL DTT 
WOicrcc0 Mercce fse'20 —Se770 
2eesso He .950 Fe50c0 32550 
Seco «Me 650 «6ees70 6 «| 32570 
6 eeeo7e e910 F2esc0  —s0660 
5 2.940 2.770 2.800 3.530 
6 9 seaee Paes0 “Bee y0 32250 
7 SeemGO0) “210 “29210 2.880 
emeeesou 181-960 91.990 2.770 
RUN NUMBER 3 
POWER IN WATTS 1.000 
SPACING IN MM. 73.810 
AMBIENT TEMP. DEG. C 16.080 
THERMAL CONDUCTIVITY OF H20 0.59680E+00 
EXPANSION COEFFICIENT,B 0.164680E-03 
VISCOSITY,NU 0.11030E-05 
BLOCK # QCOND QCONV GRASHOF 3 
1 0.014 0.986 0.469E+05 
2 0.013 0.987 0.469E+05 
3 0.015 0.985 0.468E+05 
4 0.015 0.985 0.448E+05 
5 0.014 0.986 0.449E+05 
6 0.014 0.986 0.449E+05 
i 0.014 0.986 0.449E+05 
8 0.013 0.987 0.469E+05 
BH  DTF DTR DTL DTT 
1 5.490 5.190 5.260 6.220 
Se Sea0c) “Gesco | 4e560 51650 
Su osc (4720 ~Gem70 62260 
4 5.560 4.660 4.780 5.960 
Se Selo Ge770) 9 4.7sc 6.110 
6 0 =ae=- 4.420 4.590 5.610 
i eea sad) S760) 4.020 5.210 
8 4.220 3.580 3.560 5.030 


2 
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NONI NNGNGGS 


Hh 


NON-DIMEN. 
0.099 

C2095 

0.093 

O2091 

0.089 

0.095 

G7 2 

0.066 

DTB DTH 
noe: | teaae— 
.470 5.190 
-550 5.690 
7e20 2.090 
720 a2 OU 
. 100 5.100 
Seri 4.830 
- 340 4.370 
NON-DIMEN. 
0.080 

0.076 

0.078 

Ore yay, 

Or G76 
0.072 
0.064% 

0.059 

DIB DTH 
fag | ==S== 
.610 9250 
50 10.220 
wecl 10.550 
-520 Gee 20 
wo 0 9.7460 
890 vpen ret é{4 
.170 8.730 


TEMP. 


EMP 


RUN NUMBER 


G 


POWER IN WATTS 2.000 
SPACING IN MM. 


AMBIENT TEMP. 


73.810 


DEG =Te 


16.200 


THERMAL CONDUCTIVITY OF H20 


0. 59696700 


EXPANSION COEFFICIENT ZB (0 0r6G62ZE=0s 
VISCOSITY,NU 0.10998E-05 
BLOCK # QCOND QCONV GRASHOF # 
1 U2 025 beo75 0.912E+05 
2 0.024 ie 0.91 ZEROS 
S 0.026 1.974 0.911E+05 
G OO 27 lg7 5 0.9TREs05 
5 0.026 1.974 0.91 ZEs 05 
6 We Dies 1.974 0.9) ver05 
7 0.025 Leo 0.91ZET05 
8 0.025 1.977 0.91SE405 
Bt DIF DTR DTL DTT 
l 8.980 8.750 8.7/0 1025050 
a 8.540 7.920 7960 ooo 0 
S S.160 7.750 7.510 9.700 
G SLO 7.900 7 Sea 8.530 
5 §.270 7.940 7.960 —FOmrZz0 
6 ezees- 7.390 7.860 950 
7 7.750 6.660 (e190 9.360 
8 7.070 6.220 6.130 8.900 
RUN NUMBER 5 
POWER IN WATTS 0.200 
SPACING IN MM. 11.913 
AMETENT TEMG Re DEG. Cam lG:..220 
THERMAL CONDUCTIVITY OF H20 0.59699E+00 
EXPANSION COEFFICIENT,B 0.16645E-03 
VISCOSITY; NU 0. 1099Ze—05 
BLOCK # QCOND QCONV GRASHOF # 
I 0.003 0.197 0.910E+04 
2 0.004 0.196 0.909E+04 
3 0.004 0.196 0.908E+04 
G 0.004 0.196 0.908E+04 
5 02004 G1 97 0.910E+04 
6 0.003 0.197 0.910E+04% 
7 0.003 0.197 0.911E+04 
8 0.003 0.197 0.915E+04 
B # DIF DIR DTL DTT 
i 1.780 1.610 Le ol0 Me Alb 
2 1.630 L370 1.550 L850 
3 T2650 Leo 1.500 12850 
+ Pool 1.440 1.400 Bae, fe HUA) 
5 1.490 1.380 1.400 Leo 70 
6 ‘Gears L250 1.280 ee 210) 
7 1.420 1.100 12150 1.430 
8 Pao 0 0.910 Oro 10 ee 2220 
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~~! 00 00 0 00 09.0 0 


et ee ee ee ee ee ee 


NON-DIMEN. TEMP. 


DTB 

- 340 
70 
eral) 
.840 
-460 
»250 
.590 
.270 


ooo°oceo°ooo 


066 


063 
- 060 
058 
.063 
.060 
On 
051 


NON-DIMEN. 
129 


DTB 
-830 
. 760 
7 30 
-640 
.570 
.470 
- 350 
. 060 


ooo°oeo°o0oeo 


py Pare 
120 
lel 
—1.09 
100 
5 UCTS 
20ND 


T EMtiee 


RUN NUMBER 6 


POWER IN WATTS 0.500 
SEecING IN MM. 11.973 
AMBIENT TEMP. DEG. C 16.250 


THERMAL CONDUCTIVITY OF H20 


0.59705E+00 


EXPANSION COEFFICIENT,B 0.16685E-03 
MrScOsStTy,NU OO. 109SSE-05 
BLOCK # Q@COND QCONV GRASHOF # 
1, 0.008 0.492 0.229E+05 
2 0.008 0.492 G2 2e9et05 
3 0.008 0.492 U5 éce3G105 
& 0.008 0.492 0.228E+05 
5 0.008 0.492 0.229E+05 
6 0.007 0.493 Us2eser0S 
7 0.007 0.493 0.229E+05 
8 0.006 0.494 0.229E+05 
Bt DIF DTR DTL DTT 
1 5.410 So 0 3.420 35.640 
2 5.300 5.060 3.060 5.690 
3 3.240 e790 5.000 5.610 
4 oo 0 27670 2.860 525900 
5 2.960 2.600 G00 3.470 
6 Sie 2.600 2.620 oc 10 
7 2.620 2.240 2.380 a0 20 
8 2.250 1.980 1.900 2.720 
RUN NUMBER 7 
POWER IN WATTS 1.000 
SeAGING IN MM. 11.913 
eotelt TEMP. DEG. C 16.260 


THERMAL CONDUCTIVITY OF H20 


0.59706E+00 


EXPANSION COEFFICIENT,B 0.166935E-03 
BeeSoCOSITY,NU 0.10981E-05 
BLOCK # QCOND QCONV GRASHOF # 
1 0.013 0.987 0.459E+05 
2 0.014 0.986 0.459E+05 
3 0.015 0.985 0.458E+05 
Gq 0.016 0.984 0.458E+05 
5 0.014 0.986 0.458E+05 
6 0.014 0.986 0.459E+05 
7 0.014 0.986 0.459E+05 
8 Ueol2 G76 02 459E2 05 
Bt DTF DTR DTL DTT 
1 5.670 Sy 6 CUA) 5.670 5.740 
2 yo eral 52120 5.220 6cou 
3 5.490 Ey 0 521070 ao 10 
c Seo 0 4.960 4.940 6.150 
5 5.1206 4.850 4.990 6.160 
60 “eees- 4.530 4.550 55670 
? 4.520 8) Eira 4.200 So 0 
8 Seeley) SF 20 5.400 4.950 
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NON-DIMEN. 
0.100 

0.096 

0.095 

0.093 

0.088 

0.082 

0.076 

0.064 

DTB DTH 
S000 (f2-=—— 
5.490 Se 250 
3.470 5.650 
3.340 a 90 
5.190 Dco0 
2.990 5.080 
2.840 4.900 
Ze 2.) 4.450 
NON-DIMEN. 
0.082 

0.081 

0.078 

0.080 

W.077 

U0 7 2 

0.067 

Oro? 

DT B DTH 
5250 - a ---- 
5.840 9.570 
DO D0) ~1OR S40 
Svac0) . 1027 30 
5.620 9.800 
5e2oG 9.6090 
5b. O10 i att 
4.010 8.540 


Hehe c 


EMP. 


RUN NUMBER 8 

POWER IN WATTS 2.000 
SPACING IN MM. 11.913 
AMBIENT TEMP. DEG. Ceeteeaza 


THERMAL CONDUCTIVITY OF H20 0.59707E+00 


EXPANSION COEFFICIENT, Bea. l6é7U2Zests 
VISCOSITY, NU 0 -.109796-05 
BLOCK # QCOND QCONV GRASHOF # 
ih 0.024 Bae eile 0.920E+05 
2 0.024 lo 0.920E+05 
3 OR02/ re TS, 0.919E+05 
w 0.028 Leone 0.918205 
iS 0.026 1 94 0.919E&+05 
6 0.026 1.974 0.919ba0> 
7 00.25 T9375 0. 919E0S 
8 0.023 Leet 0.920E+05 
Bt DT F DTR Die DTT 
i 8.450 S220 S120 8.520 
2 8.500 8.110 8.230 9.450 
> 8.690 729680 8.120 8.680 
G 8.990 8.070 8.070 9.720 
5 8.620 8.090 8.370 10.310 
6 “es== 7.660 7.910 9.800 
7 720910 6.680 7.140 9-390 
8 6.8490 6.100 5.850 8.790 
RUN NUMBER 9 
POWER IN WATTS 0.200 
SPACING IN MM. NO SHROUDING WALL 
AMBIENT TEMP. DEG. CC  tensd0 


THERMAL CONDUCTIVITY OF H20 0.59712E+00 
EXPANSION COEFFICIENT, & 0. 16757E-05 


VISCOSITY. HU 2031097 CE=U5 

BLOCK # QCOND QCONV GRASHOF # 
1 0.003 0.197 0.918E604 
2 0.003 O22 o7 0.919E+04 
> 0.004 0.196 0.918E+04 
4 0.004 07196 0.918E+04 
5 0.003 O27 197 0.919E+04 
6 0.003 0.197 0.919E+04 
7 0.003 O97 0.920E+04 
8 0.003 OF, 0.921E+04% 
B # DTF DTR DTL DTT 
y 1.540 1.440 1.480 1.690 
2 1.500 Teo? 0 1.400 1266 0 
5 1.490 1.340 1, 250 1.640 
G 7 00 17290 ie2o0 60 
5 1.400 ieee U 1.270 IU 
6  “Weete V7 AN 1200 1.430 
if 1-258 12050 1.100 1.350 
8 1.050 0.980 0.960 ee a0 


a0 


en ee ed ee ee ee 


™ 00.0 10 O00 0 


NON-DIMEN. 
0.062 
07065 
02062 
0.064% 
0.065 
0.062 
02057 
0.050 

DTB DTH 
90 waess- 
520 Hor 750 
1380 18.220 
560 W120 
640 17.720 
U20 l77e20 
680 17.130 
040 16.000 
NON-DIMEN. 
O) es MEM 

209 

Ge. 07 

0.106 

0.100 
0.094 

0.088 

0.076 

DTB DTH 
£390 _ See 
.580 2.200 
520 2.470 
- 480 2.480 
- 450 2.270 
. 380 2.240 
- 360 2.140 
.050 eo 40 


Teh 


LEMRe 


RUN NUMBER 10 

POWER IN WATTS 0.500 

SPACING IN MM. NO SHROUDING WALL 
AMBIENT TEMP. DEG. C 16.300 

THERMAL CONDUCTIVITY OF H20 0.59712E+00 
EXEANOLON COEFFICIENT,B 0.16737E-03 
MiacOsliy,NU 0. 10970E=05 


BLOCK # QCOND QCONV GRASHOF # NON-DIMEN. TEMP. 
1 0.008 0.4992 Onc oUETO> 0-096 
2 0.008 0.492 OP 2oUETOS 0093 
S 0.008 0.992 0.230E+05 O.. 094 
4 0.008 0.492 0.230E+05 0.088 
5 0.008 0.492 treo VES0S Omus 3 
6 - 0.008 0.492 ee oUeto>. 0.080 
is 0.007 0.493 OmcouctuS 0.074 
8 0; 007 0.493 O25 E05 0.066 
Bt DTF DTR DTL DTT DTB DTH 
1 ocr 3.040 SO 3.640 Si SO 
2 3.190 Mame) | 2.900 Sine 310 5.970 Saco 
> Sol Sie 2.840 2.850 Seo o0 S200 5.600 
4 2. ao0 2 7eeO 2.700 3.410 Soleo 5.640 
5 2.890 207 0 2.710 So STF OS 10, 5250 
6 <--Saa 2.4960 2.560 oo 00 2.940 5.160 
7 a3) a sl ZN, 2.360 ene 2.840 4.900 
8 c-cnu Pec 10, 1.990 5 (fyb CAPS N10, 4.540 

RUN NUMBER 11 

POWER IN WATTS 1.000 

SPACING IN MM. NOQ SHROUDING WALL 

POIeLENT TEMP. DEG. C 16.300 

THERMAL CONDUCTIVITY OF H20 0.59712E+00 

BxeANolON COEFFICIENT,B 0.16737E-03 

POcCOsITY,NU 0.10970E-05 

BLOCK # QCOND QCONV GRASHOF # NON=DIMENS SS LEMP. 
i 0.014 -986 0.461E+05 0.080 
2 0.014 02986 0.461E+05 0.075 
s) 0.015 OTS) 0.460E+05 OF 077 
oy On 05 0.985 0.460E+05 0.076 
5 0.014 0.986 0.4961E+05 0.075 
6 0.014 0.986 0.461E+05 0.070 
7 0.013 O29 37 0.461E+05 0.065 
8 0.013 0.987 0.461E+05 0.059 
Bt DTF DTR DTL DTT DTB DTH 
1 Be 40 5.160 bear O Gre 0 2.6508 &>-——— 
4p De Loe 4.750 G.760 5297.0 Boo 9.340 
3 5 OIG, 4.850 4.740 6.050 DOS 0 m0. 250 
4 5.490 4.670 4.700 51890 5.570 10.480 
5 D0 a0 4.660 ere aa 6.020 5.380 9650 
a ----- 4.280 4.480 Deo U0 Bee 22690 
7 4.470 ao 0 4.150 5.290 4.940 pe GeO, 
8 4.030 S77 OU 32500 4.980 4.110 8.650 


om 


RUN NUMBER 12 

POWER IN WATTS 2.000 

SPACING IN MM. NO SHROUDING WALL 
AMBIENT TEMP. DEG "Geico 20 

THERMAL CONDUCTIVITY OF H20 0.59714E+00 
EXPANSION COEFFICIENT,B 0.16753E-05 
VISCOSITY,NU Q.10966E-05 


BLOCK # QCOND QCONV GRASHOF # NON-DIMEN. TEMP, 
iL Q.025 1.975 0.9245E+08 0.067 
2 0.025 1.9% 0.924E+05 O70Gs 
3 0.026 1.974 0 Je2scnu5 0.060 
7 0.027 Loe 0.925E705 05056 
5 0.026 Lors 0.924E+05 OG 
6 0.026 1.974 09252105 0.060 
7 02025 Ne gee, 0.924E+05 0 0lb7 
8 0.024 Tor 6 OU 3e5Eu05 9.052 
Bt Die DTR DIL DTT DTB DTH 
1 9.080 S770 8.940 10.090 9.950) =sS5ae 
2 §.570 7.940 7.800 9570 9.49680 16750 
3 S$ S010 7aoo0 7.460 92Gc0 8.440 18.170 
+ § 190 7200 7.300 8.430 §.600 9 lo 2e0 
5 $2500 7.940 1.670 10EU90 9.250 17.620 
6 "Sken 7 on 7.600 oe 9.150 F/sag0 
if 727 0 6.560 7D) eau § 630°) Tyee 
8 7.010 6.520 6.090 8.920 7.200 163200 
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Figure 2. 


Assembled Test Surface and Shrouding Wall 
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Figure 3. 


Mounted Foil Heater 
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Figure 6. 20 Pin DIP and Chip Comparison, Too View 
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Figure 7. 20 Pin DIP and Chip Comparison, End View 
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Figure 8. Laser and Cylindrical Lens 
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Figure 9. Laser and Camera Orientation 
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Mounted Foil Heater, End Measured 
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Figure 12. Mounted Foil Heater, Length Measured 
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Heater Block Schematic 
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Figure 15. Power Lead Attachment 
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Figure 16. Slot and Holes in Test Surface 
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Figure 19. Immersion Tank 
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Prgjure 20. shi heraktion and Purification System 
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Figure 21. Mounting the Heater Assemblies 
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Figure 22. Mounted Heater Assemblies 
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Figure 23. Close-Up of Mounted Heater Assemblies 
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Run 12 
2.0 watts 


Run 10 Run ll 
b0 wate 


0.5 watts 


Run 9 
0.2 watts 
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Photographs for the No Wall Spac 


Flow Visualization 


Figure 25. 
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Run 4 
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Flow Visualization Photographs for the 73.81 mm Spacing 


Figure 26. 
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Figure 28. Across Test Surface Flow Visualization 
Photograph 
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